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LIST OF SYMBOLS 
a = Sum of half crack  length  and  plastic  zone  size, c + r 
Cm = Crack  sensitivity 
2c = Crack  length 
2c0 = Initial crack  length 
2cl = Crack  length at onset of acceleration  pulse at critical  instability 
2cz = Crack  length at end of acceleration  pulse at critical  instability 
E = Young's modulus 
E1 = Secant  modulus at ultimate  strength 
G = Strain  energy  release  rate 
2h = Length of rectangular  plate 
K = Stress  intensity  factor 
k, = Dixon's  finite-width  correction 
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S = Gross s t r e s s  
So = Gross   s t ress   a t   onse t  of slow  crack  growth as determined  by 5 percent 
secant  offset 
S1 = Maximum  gross   s t ress  
Sn = Net sect ion  s t ress  
T = Thickness 
TUS = Tensile ultimate strength 
u, v = Components of displacement 
vc = Crack-tip  displacement 
vo = Crack  opening  displacement 
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AN EXPERIMENTAL AND THEORETICAL 
INVESTIGATION O F  PLANE-STRESS 
FRACTURE O F  2024-T351 ALUMINUM  ALLOY 
C. E. Feddersen, F. A. Simonen, L. E.  Hulbert,  and W. S. Hyler 
SUMMARY 
A theoretical  and  experimental  study  was  conducted on the  plane-stress  fracture 
behavior of precracked 2024-T3 aluminum alloy sheet and plate (-T351) panels. The 
influence of width,  thickness,  and  crack-aspect  ratio  on  the  residual  strength of cen- 
trally cracked panels was determined. An engineering analysis was also performed on 
the  data  utilizing  several  analytical  and  empirical  fracture  expressions. A more  gener-  
alized data display and analysis technique was discussed. A theoretical  analyses of 
plastic  zones  included  both  the  boundary-point-least-square  method  on  the  Dugdale 
model, and a two-dimensional analysis by the finite-element method. Photoelastic deter- 
minations of the  plastic-zone  size and shape  were  used  for  validation. 
INTRODUCTION 
As  performance  requirements on aerospace  systems have  been  increased,  design 
loadings and reliability requirements have also increased. Sophisticated structural 
analysis  tools  and  modern  design  philosophies  have  contributed  significantly  to  increasing 
structural efficiencies without sacrificing safety and reliability. However, further 
advancement of the  technology now requires  more  definit ive  assessment of the  damage 
susceptibility  and  damage  tolerance of the  materials  from  which  the  structure  is   made. 
The  primary  emphasis in damage  tolerance  studies  in  the  past  decade  has  been 
directed  toward  relatively  high-strength  materials  which  exhibit  relatively  "brittle" 
fa i lures .  In this program, the study was directed toward a more ductile material, 
2024-T3 aluminum alloy, emphasizing the very specific facet of plane-stress  fracture.  
The program was considered in three parts: (1)  experimental studies, (2) engineering 
evaluation, and (3) theoretical analysis. The experimental studies were conducted in 
two phases to delineate  thickness and width effects in the 2024-T3 aluminum alloy. 
Engineering  evaluations  were  conducted  on  these  and  other  data by a variety of tech- 
niques to ascertain the practical significance of the data and the methods. Throughout 
the  program,  theoretical  correlations  were  made  to  relate  the  experimental  results  with 
advanced techniques of plastic-zone modeling. These tasks and their results are pre- 
sented  in  the  following  report. 
EXPERIMENTAL  STUDIES 
Introduction 
To  fulfill  the  experimental  objectives of this  program, it was  necessary  to  conduct 
an  initial  control  exploratory  study  prior  to  the  final  selection of specimen  thicknesses 
and  widths.  In  order  to  correlate  with  previously  generated NASA fatigue  and  fracture 
data, it was  decided to use  an  8-inch-wide  specimen  as  the  initial  baseline  for  thickness 
studies. A single crack-aspect ratio, 2c0/W, of one-third was used in these tests. The 
data  derived  from  this  portion of the  program  are  presented  and  analyzed  in Appendix  A. 
A thickness  effect  was  apparent;  but  it  was  not  large  for  this  specimen  width. 
As a resul t  of these  preliminary  studies,  three  sheet  or  plate  thicknesses, 0. 05- ,  
118- and 1/2-inch, were selected for the main plane-stress study. As part  of the main 
program,  the  additional  variables of panel  width  and  crack  aspect  ratio  were  included. 
To consider a distinctly  larger  width  and,  yet  not  exceed  dimensions of pract ical   in terest ,  
a 24-inch panel width was chosen. In the control tests, it had become apparent that, for 
the  2024-T3  material,  nominal  net  section  yielding  or  tensile  instability  was  the  nominal 
failure  criterion  for  8-inch-wide  panels.  The  selection of l e s se r  width would only r e -  
emphasize that fact. However, to physically confirm that conjecture, a set  of 4-inch- 
wide specimens of the median-thickness, i. e . ,  118 inch, was included. Among these 
combinations of thickness  and  width,  the  additional  variable of initial  crack  aspect 
ratio, 2co/W, was included. Three values, 0. 1, 0. 3, and 0 . 6 ,  were used. The re- 
sultant  array of crack  lengths  used  was: 
Crack  Aspect  Ratio 
Width 0. 1 0 . 3  0 . 6  Thicknesses - - -
4 0 .4  1 . 2   2 . 4  1/8 
6 0. 8 2 .4   4 .8  0 .050 ,  1 /8 ,   1 /2  
24 2 .4  7.2  14.4 0 . 0 5 0 ,  118, 112 
In  subsequent  sections,  the  details of specimen  preparation and fracture   tes t   pro-  
cedures are discussed. In support  of the theoretical studies, a photoelastic analysis 
included a confirmation of the  plastic-zone  model  predicted  by  the  finite-element  analysis. 
These details  are also presented. Finally,  the experimental  data are presented in 
tabular  and  graphical  displays. 
Pract ical  AsDects 
To provide  the  basis  for  the  discussion of test  techniques  and  data  collection and 
reduction, this section contains a discussion of certain  practical  features  associated 
with  the  rising-load  fracture  test. 
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Consider the load-flaw size relationship illustrated in Figure 1. As an initial load- 
ing is  applied  to a flawed element, no change in flaw size is noted. This is reflected as 
a vertical line in the figure. However, as this load rises above a given level, some flaw 
growth is observed.  This  load  or  stress  level is termed  the  threshold of slow flaw 
growth. With increasing load the flaw size also increases, producing the frequently 
ragged  and  irregular  slow-growth  path  indicated  in  the  figure.  The  character of this 
path is dependent on the  sensitivity of instrumentation,  type of strain  control  ( load  rate 
or stroke rate),  and material  properties.  This slow-growth mode continues in a gen- 
erally  monotonic  fashion  until a cri t ical   f law  size  is   reached  where  fracture  occurs.  [I Here the flaw penetrates the cross section and the structural load is dissipated. 
v i  An exact  determination of threshold  and  critical  flaw  conditions  is very  elusive. 
However,  several  practical  techniques  for  estimating,  or  at  least  bracketing  these  con- 
dit ions,  are available.  First  consider the threshold of flaw growth. During the rising- 
load test,  the  specimen  response is recorded  as  a typical load-deflection curve, as 
i l lustrated  in  Figure 2. The  deflection  may  be  the  crack  opening  displacement  (COD) 
or  the  deformation  measured  over  some  specified  gage  length.  During  the  initial  stage 
of loading  the  load-deflection  curve  is  linear  as would be expected  from  elastic  mechan- 
ics theory. At some point of loading, detectable nonlinearities will become apparent 
and  may  be  attributed  to  plastic  deformation,  crack  growth  or a combination of the two. 
Experience  in  thick-section  (plane-strain)  fracture  testing  has shown that  under  cer- 
tain  specified  conditions,  the 5 percent  secant  offset  intercept  on a load-deflection  record 
i s  a reasonable  estimate of the  onset of slow  growth.  (l)" While the conditions of plane 
stress  are  substantially  different,   this  offset   technique  is  a consistent and convenient 
means of marking  the  threshold of nonlinear  specimen  behavior  which,  from a design 
perspective, is quite important. In this program, the threshold of crack growth was 
identified  both  visually  and  mechanically.  The  visual  determination  is  somewhat  arbi- 
trary  in  that   shadows  at   the  crack  t ip due  to  plastic  straining  obscure  crack  movement. 
Furthermore,   i t   is   well  known that  varying  degrees of internal  crack  growth  (or 
tunneling)  occur,  thus  making  such  surface  observations  only  an  "estimate"  of  the  thresh- 
old of cracking. As a complementary  measure of the onset of slow growth, from the 
corresponding load-compliance record, the 5 percent secant-offset  stress,  So, was de- 
termined graphically. While the correlation was fairly good, the latter values were 
utilized  in  the  data  analysis  because of their  simplicity and reproducibility  in  mechanical- 
testing  procedures. 
Now consider the critical flaw conditions interfacing between slow, stable tear 
and rapid, unstable crack propagation as illustrated in Figure 3 .  As the cri t ical  frac- 
ture  condition  is  approached  in  the  last  stage of slow  crack  growth,  the  explicit  designa- 
tion of a single,  unique  critical  crack  length  is  very  difficult  because of the  acceleration 
zone. In this program, to converge on or bracket this critical area, two final crack 
lengths, 2cl and 2c2, were identified. From plots of crack length versus movie frames, 
the  shorter  crack  length,  2c1,  was  selected  as  the  deviation  from  linearity  where  the 
crack growth appeared to accelerate. In a similar fashion, the longer crack length, 2122, 
was  selected  at  the  subsequent  linear  tangency  where  the  crack  appeared  to  be  moving 
at a high, but constant (no further acceleration) velocity. Although these crack lengths 
are  arbitrary  in  their   determination,  they  bracket  the  cri t ical-acceleration  phase of 
rapid crack propagation. Because the time differential (approximately/sec) associated 
with  this  crack  motion  was  so  short,  significant  deviation  from  the  maximum  load,  or 
s t r e s s ,   S I ,  could not be discerned. 
Numbers in  parentheses  indicate  reference  numbers  in List of References. 
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SDecimen  PreDaration 
Material  
All specimens were machined from bare 2024-T3 or T351 sheet or plate. Dupli- 
cate  tensile tests were  conducted  to  verify  typical  mechanical  properties  for  each  ma- 
terial .  The data are l isted in Table l .  Tensile properties and microstructures of the 
mater ia ls   were found to be typical of this  alloy  and  heat  treatment. 
TABLE 1 .  VERIFICATION-TEST DATA FOR TENSILE PROPERTIES 
OF 2024-T3 ALUMINUM ALLOY FOR THE MAIN 
PROGRAM 
Thickness, 0.  2 Percent  Yield  Ultimate  Tensile  Elongation,  percent 
-~ 
Specimen  inch . Strength,  psi  ,   in 2 inches 
1 0 . 0 4 9  5 2 , 4 0 0  7 1 , 5 0 0   2 0 . 0  
2 0 . 0 4 9  52 ,900 7 1 . 5 0 0   1 9 . 0  
Average 52,650 71,500 
1 0 .  123 5 3 , 7 0 0  7 1 , 5 0 0  
2 0 .  123 53 ,900 7 1 , 8 0 0  
- 1 9 . 5  
2 0 . 0  
2 0 . 0  
Average 5 3 , 8 0 0   7 1 , 6 5 0  - 2 0 . 0  
1 0 . 5 0 8  5 4 , 9 0 0  7 1 , 4 0 0   2 2 . 5  
2 0 . 5 0 8  54 ,800 7 1 , 3 0 0   2 3 . 0  
Average 5 4 , 8 5 0   7 1 , 3 5 0  - 2 2 . 7  
Specimen  Configuration 
Figure 4 shows  the  essential  details of fracture  specimens  used in the  main 
program. 
-w- 
0 0 
0 
0 0 
0 0 
0 
0 0 
c 
FIGURE 4. SPECIMEN CONFIGURATION FOR 4-, 
8-, AND 24-INCH-WIDE SPECIMENS 
Specimen  Precracking 
Following  machining of the  specimens, a saw  cut  perpendicular  to  the  specimen 
surface  and  perpendicular  to  the  loading  direction  was  made  to a total  length  equal  to 
0. 8 inch  less  than  the  desired  init ial   crack  length  for  the  fracture  test .  The las t  0. 8 
inch ( 0 . 4  inch  on  each  side) of the  initial  flaw  was  produced  by  fatigue  cycling  the  speci- 
men  a t  a s t ress   ra t io  R = 0. 1 at   stress  levels  as  discussed  below. 
To  eliminate  stopping  the  test  to  measure  crack  length  during  fatigue  cracking, 
a Strobo-slave  was  integrated  into  the  electronic  circuit so that it was  triggered at the 
peak load of each cycle. By triggering  at  peak  load,  the  crack  movement  was  "frozen" 
a t  a t ime of maximum crack opening. In this  manner,   accurate  measurements of crack 
length  were  obtained. 
The actual crack-length measurements were performed optically. A t ransparent  
plastic  sheet  with  an  embossed  grid of 1110-inch  spacing,  prepared  photographically, 
was  centered on the EDM flaw. A 32X short-distance  viewing  telescope  was  used  to 
monitor  the  crack  length. 
Broek  and  Schijve  have  shown  that,  for  tests  at R = 0. 1, a propagating  fatigue 
crack  in  2024-T3  will  change  from a flat  to a 45-degree  slant  made  at a stress-intensity 
factor K = 21. 5 ksil/m,(3)  Therefore,  all  fatigue  cracking  was  accomplished  at  stress 
levels  that  would  result  in a final  stress-intensity  factor  less  than 20 ks i& when  the 
crack reached the desired length. When necessary  ( large  2c/W  ratios,   or  on  thin  ma- 
terial),  1/4-inch-thick  steel  plate  buckling  guides  lined  with  wax  paper  were  used  to 
prevent buckling during precracking. This procedure resulted in a'flat final crack with 
essentially  straight  crack  fronts  for  all  conditions  studied. 
Frac ture   Tes t   Procedures  
All specimens  were  fracture  tested  under  load  control  in a 25 kip, 50 kip, 170 kip, 
o r  700 kip  load  capacity  electrohydraulic  testing  machines;  the  machine  capacity  was 
determined by the specimen thickness. The tests were conducted under load control 
a t  a loading  rate  that  produced a s t ra in   ra te  of 0.005  in.   / in.   /min  in the elastic-portion 
of deformation. The use of load control was selected to prevent an abrupt load drop-off 
when  pop-in  occurred  since  such a drop  in  load would not be anticipated  in  a-service 
condition. 
Buckling restraint was used in the program. The buckling guides used consisted 
of 1/4-inch-thick  steel  plates  lined  with  waxed  paper on the  face  contacting  the  speci- 
mens.  A hole was drilled in one of the buckling guides to allow the insertion of the 
compliance gage. The other buckling guide possessed a 1/2-inch-wide slot machined 
along  its  width  parallel  with  the  crack  plane to permit viewing the progress  of the c rack  
during  the  course of the tes t .  
Motion pictures were taken at a camera speed of 200 frames per second. The 
photographic record was made of the entire test. During the test, an electric pulse 
about  every 3 seconds  triggered a light  flash  in  the  high-speed  camera  that  made a 
short exposure on the side track of the film. The electric pulse also produced a blip 
6 
I 
c.- on a load-time graph that was being recorded. Thus the load on the specimen could be 
1.1 length versus load determined during the slow-crack-growth period of each test .  %, correlated with specific frames of the high-speed movie and an accurate record of crack 
2 
i. Also,  in  the  main  program,  where a photoelastic  oating  was  applied  to  one  half of 
; one surface of the specimen, a I/Z-inch-thick plexiglass sheet was used to replace the 
buckling guide on that side of the specimen. This allowed color motion pictures to be 
.' made of the strain pattern throughout the entire test while still  restraining buckling of 
$ the specimen at the crack. During these tests a high-speed camera was also used on the $7 opposite side of the specimen to measure crack propagation, and side-track-marking ' lights in both cameras were triggered by the marking pulse described previously. jQ 
$4 In addition  to  the  motion-picture  data, a double-cantilever-clip  compliance  gage 
j '! 
' was inserted in the dril led and reamed 1/4-inch-diameter hole at the center of the 
crack. This gage provided a record of the crack opening displacement (COD) during the 
fracture tests. The gage was constructed from 17-7 P H  stainless steel and possessed a 
bridge of four  active  strain  gages. 
The  compliance  gage  output  was  the  X-axis  input  to  an X - Y  recorder,   and  the Y -  
axis recorded the load level. Calibration curves were constructed to give bridge out- 
put as a function of gage  displacement. 
The  test   setup  for a typical  fracture  test  with a photoelastic  coating  is  shown  in 
Figure 5. Thus, the record of each test  consisted of a toad-COD plot, a high-speed mo- 
tion  picture of the  crack  growth  and,  in  some  cases, a color  movie of the  strain  distribu- 
tion and the actual fracture surface. The analysis techniques that were examined using 
this  data  are  presented  in  the following  sections. 
FIGURE 5. TEST EQUIPMENT USED FOR FRACTURE TESTS O F  
24-INCH-WIDE 2024-T5 1 ALUMINUM ALLOY PANELS 
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Experimental  Results 
The  experimental  data  generated  in  this  program  are  presented  in  the  following 
subsections. 
Data  Tables 
The  basic  fracture  data  derived in  this  program  are  presented  in  Tables 2 
through 4. The data format is quite straightforward. Following the specimen number 
column are  the  thickness and  width  columns  denoting  the  measured  gross  dimensions of 
the  cri t ical   section of the respective specimens. The next two columns are flaw size and 
stress  values  associated  with  the  threshold  or  onset of flaw propagation. The initial 
crack  length,  2co  denotes  the  initial  fatigue  crack  length  existing  prior  to  the  rising-load 
fracture test. The five percent secant offset load stress  derived  from  the load record 
was selected as the threshold stress,  as discussed earlier.  The final three data columns 
are  associated  with  maximum  load  conditions. As discussed  in   an  ear l ier   sect ion of 
this  report ,   the 2024-T351  aluminum  alloy  appears  to  be  characterized  by a smooth 
slow-crack-growth process. As a result ,  two significant "final" crack length dimen- 
sions,  2cl  and  2c2,  can  be  associated  with  maximum  load  and are separately  tabulated. 
While the  t ime  increment  in  terms of motion-picture  frames  appears  measurable,  it i s  
negligibly small in comparison with the loading rate. Thus, a single maximum-load 
s t ress ,  SI, is  noted  with  those  crack  lengths. 
Graphical  Displays 
These  fracture  data  are  more  vividly  i l lustrated  in  Figures 6 through 11. Gross 
section  stress  is  plotted  versus  crack  length  for  each  combination of thickness  and 
width. Note that the  data  derived  from  each  specimen  are  indicated  by a connected  trio 
of symbols. The lowest symbol of the  tr io  represent  the  threshold  conditions,   or  stress- 
flaw size combination, (So, 2co). Of the upper points, the left-most denotes (SI, 2cl) 
and the righthand point indicates (SI, 2 ~ 2 ) .  Thus, this representation provides a semi-  
quantitative illustration of slow growth and fracture behavior. It is "semiquantitative" 
in  the  sense  that   more  experimental   work and criteria  definit ion  are  required  to  specify 
this  behavior  adequately. 
Initial  Observations 
From  the  data  plots  in  Figures 6 through  11 two significant  points  are  to  be  noted. 
One is  that   the  cri t ical   fracture  condition,  as  bracketed  by  the  coordinate  points  (2~1, S1) 
and ( 2 ~ 2 ,  Si), essentially corresponds to a net-section yield criterion. The other 
point  is  that  the  condition  for  threshold of flaw  growth, i. e . ,   the   locus of points  (2co, So), 
is   well  below the net-section yield condition. That is, onset of slow growth appears to 
be an  elastic  process  in  the  gross  sense,  while  rapid  fracture  is  characterized  by 
tensile instability. 
Some effect of thickness can be noted although it is only  slight.  The  maximum 
fracture  condition  appears  to  decrease  very  slightly  with  increasing  thickness.  The  only 
obvious  width  effect  is a slight  stretching of the  crack  acceleration  segment  2cl-2c2. 
a 
Specimen 
99 
102 
121 
122 
' I  23 
I24 
TAEILE 2 .  
Thickness ,  
T,  in. 
0.051 
0.049 
0.049 
0.049 
0.049 
~~ ~ 
FRACTURE  DATA  FOR 50-MIL-THICK 2024-T3  ALUMINUM ALLOY SHEET 
~ ~~ 
5 P e r c e n t  
In i t ia l   Seca t  
Crack ,   Offse t  
Width,   2c0,  Streas,  
F inaI   Crack   Maximum 
W, in.  in. So, k s i  
Length ,   i .   S t ress ,  
2cl 2c2 SI, ka i   Remarks  
8.0  2.66  19. I 2 .8   3 .6   31 .3   Pho toe la s t i c   t e s t  
8 . 0  4. 77 17. 1 4 . 9  5.  75  19.2 
24. 0 7 .0  20.0  7 .95 13.50 27 .6   Photoe laa t ic   t es t  
24. 0 7. 16 " 8 .  15 11 .0  28.3  With  buckling  guides 
24.0  14.27 12.3  15.0 18 .0  16. 5 
0. 049  24.0  2.32  22.1 3.0  7.4  42.  2 
" .. " 
~ 
~- 
Specimen 
1 1 1  
I12 
I14  
1 I3  
I16 
I15 
97  
I03 
104 
I05 
I06 
~ 
~~ 
125 
126 
I27 
I28 
I29 
130 
TABLE 3. FRACTURE DATA FOR I/S-INCH-THICK 2024-T3 ALUMINUM ALLOY SHEET 
- ~- __  " " 
5 P e r c e n t  
Ini t ia l   Secant  
Crack ,   Offse t   F ina l Crack   Maximum 
Thickness,   W dth, 2.~0, S t r e s s ,  
T ,   i n .  W ,  in.   In.   2cl   2c2 SI, ks i   Remarks  
Length,   in.  
SO, k s i  
S t r e s s  
0. I 2 3  4 . 0  
0. 122  4 0 
2 .4  
2 .39  14. 0 
44.9  Fai led in g r i p  
0. 123 
2 . 4   3 . 1 
4 .0   0 .39   32 .  I 0 . 5  I .  0 
2 0 . 3  
0. 123 4. 0 
46 .0  
I .  I9 
0. 123  4 0 
25 .4   1 .2   1 .8  
2 . 3 4  
35 .2  
15. 2 
0. 123  4. 0 23 .9   1 .2   1 .9   36 .6  
2 . 4   2 . 9  
1 . 2 0  
20 .5  
0. 124 8. 01 2 .6   21 .0   2 .75   3 .30   34 .3  
0. 123 8.00 0 . 8  
Photoelast ic   tes t  
18.  3 
0. 123 8 . 0 0   0 . 8  
0. 85  1 .90  46.4
0. 123 
0 .80   2 .  00 46 .4  
8 .00   4 .7   12 .7  
0. 123 
4.70  4.90  20. 5 
8.00  4 .74  14.  0 
With  buckling  guides 
4 .   74 5. 26 1 9 . 6  
" .. " 
" 
0. 123 24. 0 7 . 2  " 8 . 4  11 .8  28.0  With  buckling  guides 
0 .  I23 
0 .  123 
0. 123 
0. 123 
24. 0 2 .4   22 .4   2 .84  3 .  25 44.6 
24. 0 2 .4  
Photoelast ic  tes t  
22.4  2.   90  4.40  44. I 
24. 0 7. 15  13. 6 8 . 6   1 1 . 6  
24.0  14.39 
29. 2 
" 15.4  17 .8  13. I 
~~ 
0. 123 . .  24.0   14 .35   7 .8   14 .4   16 .2   5 .  4 ~~ 
TABLE 4 .  FRACTURE DATA FOR 1/2-INCH-THICK 2024-T3 ALUMINUM ALLOY PLATE 
__ ~- - " "~ - ~~ . " " . .-  ~ 
5 P e r c e n t  
Ini t ia l   Secant  
Crack,   Offset   Final   Crack  Maximum 
Thickness,   Width,  2c0, Stress ,   Length ,   in .  
Specimen  T,  in.  W ,  in.  in. So, ks i   2c l 2c2 S I ,  k s i  
S t r e s s  
~" 
R e m a r k s  
" . ___ 
98 0. 50 8 . 0   2 . 6   2 1 . 0 2 . 7 7  3.   40  30.6  Photoelast ic   tes t  
107 0. 509  8 .05   4 .85   13 .66  4. 90  5.20 18.0 With  buckling g ides 
108  0.509  7.96  4.82  12.83  4.80  5.00  18.0 
I31 0. 509 24. 0 7. 25 17. 2 8 .65  12.0 26.8  With  buckling  guides 
132 0. 509 24 .   I5  7 .20  18 .55  8 . 0  11 .5  27 .6  
133  0.509 24. 15 14. I " 15.0 17 .4  15. 5 
134  0.509 24. I 5  2.30 25. 7 2 . 8  4 . 8  42. 8 
___ ~"" - "" __ 
: 
w 
t 
\ 
(a )  8-Inch-Wide  Panels (b)  24-Inch-Wide  Panels 
FIGURE 6.  FRACTURE DATA FOR 50-MIL-THICK 2024-T3 
ALUMINUM ALLOY  SHEET 
FIGURE 7 .  FRACTURE DATA FOR 1/8-INCH-THICK, 4-INCH- 
WIDE 2024-T3 ALUMINUM ALLOY  SHEET 
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FIGURE 8. FRACTURE DATA FOR 1/8 -INCH-THICK, 8 - FIGURE 9. FRACTURE DATA FOR 1/8-INCH-THICK, 24-  
INCH-WIDE 2024-T3 ALUMINUM ALLOY SHEET INCH-WIDE 2024-T3 ALUMINUM ALLOY SHEET 
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FIGURE 10. FRACTURE DATA FOR I/Z-INCH-THICK. 8- FIGURE 11. FRACTURE DATA FOR l/Z-INCH-THICK, 24- 
INCH-WIDE 2024-T351 ALUMINUM ALLOY PLATE INCH-WIDE 2024-T351 ALUMINUM ALLOY PLATE 
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ENGINEERING E VALUATION 
To be useful  in  practical  applications,  measures of material  toughness  (and  their 
associated fracture characterization techniques) must serve two purposes. In addition 
easily relatable to the geometric and loading terms of structural  design. In fact, this 
duality  in  the  nature and the  function of a toughness  measure  is a basic  cri terion  for a 
truly  useful  fracture  characterization  technique. 
- to providing a comparative rating of materials, the toughness measure must also be 
In this  portion of the  report  an  overview of engineering  fracture  analysis  is  pre- 
sented.   Firs t  the general  Goncepts of fracture toughness and residual strength are 
mentioned. Then, a general discussion of the principal fracture analysis methods is 
presented to appraise, interpret, and compare engineering techniques of fracture 
analysis and  to  selectively  apply  these  data  from  other  sources. 
Fracture  Toughness  and  Residual  Strength 
~~ 
In the  following  discussion  toughness,  or  fracture  toughness is viewed as a mate- 
rial characterist ic,   and  residual  strength  refers  to  the  structural   strength  as  influenced 
by fracture toughness, geometry, loading and so forth. This not-always-so-obvious 
distinction is very  important  to  recognize.. Of course,  at  this  point  in  the  discussion, 
this distinction is only  conceptual;  the  purpose of the  program is  an  elucidation of this 
concept. The goal in appraising fracture toughness is to obtain a quantitative descrip- 
tion of the material itself. Then, in residual-strength studies, fracture toughness is 
applied  to de sign  situations. 
In  the  most  fundamental  sense,  the  basic  objective of toughness-testing  and 
residual-strength  studies is to  determine  the  relationship  between  gross  applied  stress,  
S, (or load) and flaw size, 2c. For flat, centrally cracked tensions panels, these 
quantities  (within  their  geometric  framework)  are  graphically  idealized  in  Figure 1 2 .  
In this  illustration,  the  constraint of finite  size  immediately  suggests  width as a basic 
parameter  in the studies. Furthermore, the recognition of s t ress  s ta tes  ( i . e . ,  p lane  
stress  or  plane  strain)  makes  third-dimensional  restraint ,   or  "thickness  effects"  quite 
important .   From  here  one can readily suggest additional parameters of temperature,  
environment, strain rate, etc. ; however, these are beyond the scope of the current 
program. Since, in this program, the fracture behavior and toughness of flat, centrally 
cracked tension aluminum panels was studied, the following discussion emphasizes that 
geometric model. However, parallel discussions, observations, and arguments can be 
generated  readily  for  other  structural  configurations. 
Fracture Analysis Methods 
The goal of fracture  data  analysis  is  the  translation  of  experimental  test  results 
into meaningful and useful  material  and/or  structural  parameters. A variety of tech- 
niques, both theoretical and empirical, have been developed to describe various aspects 
of fracture in s t ress-related  terms.   These  may be grouped into the following three 
major  categories: 
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Stress-intensity  factors 
Effective-width  techniques 
Notch  analysis  or  crack  sensitivity. 
These  are  discussed  and  compared  in  the  following  subsections.  While  not all are  uni-  
versally  accepted,  each  has  offered  some  insight  to a particular  problem  and  has  been 
of value to some investigator. Within the following subsections the principal fracture 
models are briefly  discussed  and  interrelated.  The  objective is to  demonstrate  the 
central  coherent  theme  common  to  these  models  and  to  discuss  their  relative  correla- 
tion. Finally a generalized method is discussed. The data-analysis phase of the frac- 
ture  program  includes  an  analysis of the  data  by  selected  techniques. 
S 
Crilicol 
Section 
- 
S 
FIGURE 12. FLAT, CENTER-CRACKED TENSION PANEL 
Stress-Intensity  Factors 
The  Griffith-Irwin  concept of brittle  fracture  is  the  foundation of l inear-elastic- 
fracture  mechanics.  (4) It is based on the concept of a  strain  energy-release  rate,  G, 
s2nc G=- 
E '  
or, equivalently, a stress-intensity factor, K, (5,697) 
K = S  6 
fo r  a center-cracked tension panel. This latter relation, while potentially very useful, 
is  based on certain  idealized  conditions  which  are  very  difficult  to  duplicate  in  finite- 
size  structural  elements  and  imperfectly  elastic  (or  real)  materials. A s  a result, 
practical  structural  experiments  are  influenced  by  the  following  effects. 
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Width Effect.  The  development of Expression 2 is based on the  idealization of a 
crack  or   f law in a panel of infinite extent. Of course,   in real engineering  structures 
such a structural   size is only  hypothetical.  A  correction  factor is needed  to  correlate 
fracture  data  obtained on finite-size  elements  and  relate it to  the  reference  baseline of an  
infinite-sized panel. To account for the effects of finite width, a factor,  terme'd  the 
finite-width  correction,  f(Zc/W),  has  been  used  to  modify  the  previous  expression as 
where 
2c = crack  length 
W = panel width. 
The  finite  width  correction  is  in  excess of unity, i. e. , 
since  the  finite  boundary  tends  to  intensify  the  distribution of s t resses   in   the  area of the 
discontinuity.  This  is a more  severe  situation  than  for  the  equivalent  flaw  in  an  infinite- 
width panel. Alternatively, the finite-width panel may be viewed a s  having  less  section 
remaining  to  carry  the  cut-load  and,  hence, is being  more  severely  loaded. 
Thickness Effect. The effect of thickness  is a bit more nebulous in its definition. 
The  bulk  restraint of thickness  adjacent  to  the  crack  tip  introduces a t r iaxial   s t ress   f ie ld  
which, in turn, tends to restrain plastic deformation. The extremes of thickness (i .e. ,  
plane stress,   in  reali ty a two-dimensional  case  where t = 0; and  plane  strain, t = m) a r e  
relatively  easy  to  model  analytically,   but  are only  the extreme bounds  to  myriad  real, 
finite-thickness cases. While an evaluation of the thickness effect was one objective of 
this  program, it was essentially an empirical study. Intimately tied to this parameter 
is the  effect of plasticity. 
Plasticity Effect.  From an analytical  perspective,  plasticity can be considered 
either  as  an  effective  extension of the  crack  length, or as  an  art if icial   amplification of 
the  applied  gross  stress.  In either  case it  tends  to  manifest  itself as a relative  increase 
in material toughness. Frequently, the influence of plasticity is appended to the crack 
length  term of Expressions 2 and 3 a s  a plastic-zone  radius, r, with the formulation, 
Several  analytical  formulations of plastic-zone  sizes  have  been  postulated.  Irwin  pre- 
sented  the  relations 
I 
=2.rr 
1 
for plane stress, and 
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f o r  plane strain. With these expressions the computation is iterative on K. In contrast, 
Dugdale  de  rived 
r = c  ( s e c - - -  7 r s  2 TYS 
which  for  small  values of S/TYS is equivalent  to  Expression (6) but  at   large  S/TYS 
values is significantly  larger. 
Significance. The objective of characterizing a s t ruc tura l   mater ia l   in   t e rms  of a 
stress-intensity  factor,  K, is to  determine a unique index of mater ia l   crack  res is tance.  
This  index  could  then  be  used  in  an  inverse  analytical  procedure  to  predict  critical  frac- 
ture conditions. However, difficulties in test techniques and their standardization, un- 
knowns  in  the  above  discussed  parametric  influences, and inherent  material  variables 
contribute  to  significant  variance  and  scatter  in  the  resultant  data  evaluation. 
Effective Width Techniques 
Briefly  stated,,  the  effective  width  techniques  are  concerned  with  the  definition of 
a pseudo  yield,  or  plastic zone over  which  the  load  cut by the  flaw  is  redistributed. 
Two prominent techniques are described in the following subsections. In essence, they 
are  intuitively  motivated  methods of designating a stress-flaw  size  curve  for  specific 
specimen  data. 
Due to Crichlow(8). This engineering analysis of center-cracked tension panels 
assumes  that   the  cut  load  in  the  panel  is   carried  in  the  reserve  strength of the  panel 
immediately adjacent to the crack, as shown in Figure 13.  This concept resolves to the 
expression, 
TUS 
1 t -  c '  W 
scr = - 
e 
or ,  when finite-width  effects  and  experimental  parameters  are  introduced, 
whe re  
We = Wo tanh - 
("WIZC) 
B = specimen  width 
Wo, W1 = empirical constants 
15 
This  technique  has  been  used  extensively  for  modeling  airframe  structures  and  has  been 
extended  to  include a variety of stiffening  arrangements. Its fracture  relation is a two- 
parameter  expression  which,  while similar in  function,  has  no  ostensible  relation  to 
stress-intensity-factor  concepts. 
Due to  Christensen  and D e ~ ~ k e ( ~ ) .  As a variation on the  effective-width  theme, 
this method  recognizes  the  Westergaard  distribution of the  s t ress ,  S, adjacent  to  the 
crack-tip. The summation of the idealized elastic stress, over a segment, We, is  
equated to a uniformly  stressed  plastic  zone  (at TUS) of the  same  dimension, We, a s  
shown in Figure 14. The resultant expression, 
- TUS s =  
G , 
was  modified  for  finite  boundaries  to  the  form 
! 
where 
W = panel  width. 
This  latter  expression  is  analogous  to  Expression (10) of Crichlow's  technique.  Although i 
the  formulations  appear  quite  different  in  format,  their  effectiveness  in  modeling  the 
data  are  quite  similar due to  the  nature of the  curve-fitting  factors  implicit  to  the 
expressions. 
Significance. Although both of these  techniques  are  valid  means of representing 
fracture data, they do not fulfill the dual purpose of a toughness parameter. The effec- 
tive width, We,  dimensioned in units of length, defines a "characteristic"  but  artificial 
plastic-zone  size  implicit  to  the  center-cracked  panel  configuration,  but  does  not  relate 
to a material   property  other  than  tensile  ult imate  strength.   The  coherent  rationale  for 
generalizing  this  parameter  into a broader,   more  fundamental   material   characterist ic 
i s  not evident. While this could be accomplished empirically, it would require   an  ex-  
pansive  treatise,  and,  in  turn, would defeat the goal of simplicity  and  generality. 
Notch  and  Crack-Strength  Analyses " 
This  approach  to  fracture  characterization  has  evolved  from  the  concept of notch- 
stress  concentrations  at  the  crack  tip  (considered a notch  with  root  radius  approaching 
zero). This development is traced in two basic steps discussed in the following 
subsections. 
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d Scr * C We * (TUS -Scr) 
Cut Load = Reserve Strength 
Areo 0 = Area @ 
FIGURE 13. EFFECTIVE WIDTH FRACTURE MODEL DUE TO CRICHLOW(8) 
FIGURE 14. MODIFIED EFFECTIVE-WIDTH FRACTURE MODEL 
DUE TO CHRISTENSEN AND DENKE(9) 
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Notch-Strength Analysis (NSA). Current  concepts of notch analysis were origi- 
nally  presented  by  Neuber, who considered  the  problem  in terms of elastic  theory  and 
" 
the  necessary  modification  for real materials.  (10)  Further  engineering  refinements 
have  been  developed  by Kuhn and  Figge. ( 
Essentially,   stress-concentration  factors on  the  net  section are modified  by  size 
effect (a function of the Neuber constant, PI) and  plasticity.  These  factors  are  used  with 
the  ultimate  strength  to  define the crit ical   or  al lowable  net   section  stress  based on an 
initial flaw or crack size. The applicable equations for cracked center-notch specimens 
a r e  
and 
U 
s =-  TUS 
KU ' 
where 
co = half crack  length  before  loading 
p' = Neuber's constant 
E = elastic  modulus 
E l  = secant modulus at ultimate  strength 
kw = Dixon's(12) finite-width correction = d(1 - 2c0/W)/(1 t 2c0/W) . 
TUS = tensile ultimate strength 
S, = crit ical  net  section stress = S/(1  - 2c0/W) . 
(Ku is  the  effective  net  section  stress  concentration  factor). 
The  similarity of the  rightmost  term  to  the  basic  forrrxdation of the  stress  intensity 
factor  suggested(13)  the  consolidation of modulus  values  and  the  Neuber  constant  into 
one factor  termed  "crack  sensitivity". 
Crack-Strength Analysis (CSA). An inverse  measure of material   toughness  termed 
crack  sensitivity  was  introduced  by  making  the  consolidation, 
(15) 
in  Expression  (13)  with  the  resulting  net  section  stress  concentration  factor, 
K = 1 t C  k 6 . 
U m w  
i 
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I 
which  may  be  used  to  evaluate  the  crack  sensitivity  directly  from  experimental  data. 
cept is shown in Figure 15. The solid line represents the average crack-sensitivity 
line  computed  for  the  data in accord  with  Expression  (17).  The  actual  data  points  are 
shown a s  open circle symbols. While the f i t  is moderately good, the apparent scatter 
tends  to  increase  with  increasing  aspect  ratio  2co/W.  This  can  be  seen  very  distinctly 
in Reference 14. It is important to note that, in a qualitative sense, crack sensitivity, 
1 A typical illustration of the Sn - 2c0/W plot as generated by the crack-sensitivity con- 
1 ei i -.:I Cm, is  an inverse K value, i. e . ,  it is inversely proportional to failure stress. High 
I ’. values of Cm denote brittleness; low values of Cm denote toughness. 
/ * I  
Significance. The easily grasped physical significance of the stress-concentration- 
factor concept makes this technique an attractive means of expressing toughness. How- 
ever, since Cm, as defined by Expression (17),  is  determined from the net stress,  Sn, 
and the dimensionless aspect ratio, 2c0/W, panel width remains a free  parameter.  
This  lacks  some of the generality sought for in other methods. Again on the positive 
side,  this approach represents “residual” strength in its truest form. Based on initial 
flaw  size  and  yet  relating  to  failure  load, it automatically  compensates  for  the  slow 
crack growth inherent to the rising-load test. This is in contrast to the idealized K 
concept  which  is  based on a simultaneous  correlation of flaw  size  and  stress. 
A Generalized Residual-Streneth- 
Analvsis Technique 
A simplified  representation of thin  sheet  fracture  data  has  been  suggested  in 
Reference 15. It combines simplicity of the basic formulation [Expression (Z)] of the 
stress-intensity  factor  with  the  direct  usefulness of data  fits  forced by means of the 
effective-width methods. The development of this method is briefly  discussed  in  the 
next  paragraph. 
Development. The major stumbling blocks to the effective utilization of the s t r e s s -  
intensity  factor, K, in  characterizing  fracture  data have  been  the  correction  factors  for 
plasticity, width, and their combined effect, especially at the extremes of flaw  size. 
On the  basis of empirical  evidence  recited  in  Reference  15, it has  been  noted  that  linear- 
curve fits are  reasonable  approximations  to  the  behavior of both  the  very  small  flaws 
at high  stress  levels  and  the  very  long  flaws  at  low stress levels.   Furthermore,  it was 
noted  that a very  consistent  and  representative  fracture  index  could  be  achieved by 
computing a simple  stress-intensity  factor  from  the  data in  the  central  portion of a 
stress-flaw  size  display.   As a result ,   the  fracture  data  are  screened  in  accordance  with 
the  cri teria:  
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Cm= 1.12 inch 
TUS = 83.2 ksi 
- 1/2 
Data Reference 14 
I I I -L-I .. ~ 
0 . 2  0.4. 0.6 0.8 I .o 
Crack  Aspect Ratio,   2c0/W 
FIGURE 15. FRACTURE  DATA FOR 90-MIL-THICK, 12-INCH-WIDE 7075 
ALUMINUM ALLOY  SHEET  DISPLAYED  BY  THE CSA METHOD 
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and 
to avoid the uncertainties of plasticity  and  boundary  corrections.  In  essence,  this  re- 
stricts  the  computational  data to the  quadrant  within the dashed  lines of Figure 16. 
These  data  are  used  to  calculate a corresponding  stress  intensity  factor  as  defined  by 
the  simple  formulation 
The  average  value of K is  used  to  determine  the  central  S-2c  curve  within  the  quadrant, 
i. e . ,   f rom  Points  A to B. Straight  lines  to f i t  the extreme  flaw  sizes  are  then  drawn 
from  Point A to  coordinate (0, TYS) and  from  Point  B  to  coordinate (W, 0). These 
lines  are  tangent  to  the  central  curve  at  Points A and B, respectively. In fact, in the 
original  development,  the  tangency  criterion,  was  the  primary  basis  for  selecting  the 
screening Expressions (18) and (19). In essence, the straight-line segments are 
graphical  approximations  to  plasticity  and  finite-width  corrections. 
Justification. As evidence of the applicability of this  technique  for  modeling  both 
threshold- and critical-flaw conditions, Figures 20 through 24 are presented. In these 
figures,  well  documented  data  are  displayed  along  with  the  line  fit by this  method. 
Figure 17 i l lustrates fracture data for 0.  14-inch-thick 4330 M steel sheet. The 
data  points  represent  the  critical  condition (2~2 ,   S i )   a s   de t e rmined   f rom  h igh - speed  
photography. This particular curve is determined on the basis  of the four data points 
in  the  central  portion of the  f igure  and  are  characterized by  the  value, K = 
278 ksi-in. lI2. The resultant curve, however, also fits the highest stressed point, 
thus  demonstrating  the  effectivity of the  method. 
In Figures  18 and 19, data  from  two  different  widths of 0. 10-inch-thick 2219-T87 
aluminum alloy sheet are presented. The first curve, for 24-inch-panel data, is fit 
on  the  basis of the  single  data  point  within  the  defined  quadrant,  and  yet  matches  related 
data quite closely. The second curve, for 48-inch-wide-panel data, has a superior f i t  
based on a larger  quantity of data. Note that the K values for both widths are quite close 
together. A s  in Figure 16, the data points represent the critical instability condition 
(2c2, S1) 
Cryogenic  test  data  for  2014-T6  aluminum  alloy  sheet  are  presented  in  Figure 20. 
The  curve f i t  which is  extrapolated  from  the  central  quadrant  into  the  plastic  range  as 
well  as  toward  the  boundary  edge  are  considered  quite  significant. 
Finally,   consider  the  larger  mass of data  shown  in  Figure 21 for  7075-T6 alumi- 
num alloy sheet. Both threshold, (2co, So) and cr i t ical ,  (2~2,  Si) ,  f law condi t ions are  
presented. The f i t  is quite good and closely matches the results of Reference 14. 
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FIGURE 16. FORMAT FOR GENERALIZED RESIDUAL- 
STRENGTH ANALYSIS 
FIGURE 17. FRACTURE DATA FOR 0.14O-INCH-THICK, 
36-INCH-WIDE  4330M STEEL  SHEET(16) 
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FIGURE 18. FRACTURE DATA FOR 0.10-INCH-THICK, 
24 -INCH-WIDE  2219  -T87  ALUMINUM ALLOY SHEET 
FIGURE 20. FRACTURE DATA FOR 0.06O-INCH-THICK, 
12-INCH-WIDE  2014-T6  ALUMINUM ALLOY SHEET 
AT -320  ~(17) 
FIGURE 19. FRACTURE DATA FOR 0.10-INCH-THICK, 
48-INCH-WIDE  2219-T87 ALUMINUM ALLOY SHEET 
FIGURE 21. FRACTURE DATA FOR 0.090-INCH-THICK, 
12-INCH-WIDE  7075-T6 ALUMINUM ALLOY SHEET 
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Significance. This graphical technique is of value  for  indexing  material  toughness 
and  for  data  displays.  For  the  data of this  report  (analyzed  in  the  next  section)  and  those 
of other  sources,  it appears  that  this  technique  models *e data  quite  well  for  engineer- 
ing purposes. It combines  the  essential  features of each of the  three  previously  de- 
scribed methods. First, each data group is characterized by a single stress-intensity 
factor in simple form. Second, a continuous stress-flaw size curve is generated. 
Third, it exhibits  net-section-stress  trends  with a consistency at least  as good as that of 
crack-strength analysis.  This latter point is amply illustrated by Figure 22.  The data 
of Figure 15 (or 2 1 )  are  presented  again  in  the  notch  strength  format of maximum  gross 
stress  and  initial  flaw  size,  and  analyzed  in  accordance  with  the  proposed  generalized 
method. The f i t  is  considerably  better  than  that of net-stress  format  and  lends  further 
credence  to  the  soundness  and  applicability of this  method. 
Data  Analysis 
The  data  derived  from this program  have  been  analyzed  in  terms of s t r e s s -  
intensity factors, crack sensitivity, and residual strength, as previously discussed. 
These  analyses  and  displays  are  presented  in  the following  subsections. 
Stress-Intensity  Factors 
A parametric  characterization of material   toughness  is   the  stress-intensity  factor 
which  has  evolved  from  linear  elastic-fracture  mechanics  and  was  discussed  in  the 
Technical Considerations Section of this report. The general foundation of the s t r e s s -  
intensity  factor,   repeated  from  Expression (5) is  
For  the  data  generated on this  program  the  plastic  zone  model of Expression (7), 
r = &  (g& 
and  the  finite-width  correction  in  the  form 
were  used.  The  calculation of K for  a given data point requires an iterative procedure 
that  was  cycled  until  the  convergence of K was  within 0. 1 percent of the  previous  value. 
This  required  from  three  to  five  cycles. 
The  stress-intensity-factor  values  for  the  data  generated on this   program  are  
presented  in  Figures 23  through 29.  A tabulation of these  values  is  presented  in  Appen- 
dix B. For each spec-imen, two stress-intensity-factor values were computed by means 
of the above expressions. First using the initial crack length, 2co, and the five per- 
cent secant-offset stress, So, a stress intensity factor,  KO, was computed as indica- 
tive of the  threshold  or  onset of crack  growth.  This  value  is  shown  as  an  open  triangle 
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FIGURE 22. FRACTURE DATA ON A NOTCH-STRENGTH 
FORMAT FOR 0.09O-INCH-THICK, 12-INCH-WIDE 
7075-T6 ALUMINUM ALLOY SHEET 
FIGURE 24. STRESS-INTENSITY FACTORS FOR  !"INCH- 
WIDE, 0.050-INCH-THICK 2024-T3 ALUMINUM 
ALLOY SHEET 
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FIGURE 23. STRESS-INTENSITY FACTORS FOR 8-INCH- 
WIDE, 0.050-INCH-THICK 2024-T3 ALUMINUM 
ALLOY SHEET 
FIGURE 25. STRESS-INTENSITY FACTORS FOR 4-INCH- 
WIDE, 1/8-INCH-THICK 2024-T3 ALUMINUM 
ALLOY SHEET 
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FIGURE 26. STRESS-INTENSITY FACTORS FOR 8-INCH- 
WIDE, 1/8-INCH-THICK 20%-T3 ALUMINUM ALLOY 
SHEET 
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FIGURE 27. STRESS-INTENSITY FACTORS FOR %-INCH- 
WIDE, 1/8-INCH-THICK 2024-T3 ALUMINUM ALLOY 
SHEET 
FIGURE 28. STRESS-INTENSITY FACTORS FOR 8-INCH- FIGURE 29. STRESS-INTENSITY FACTORS FOR %-INCH- 
WIDE, 1/2-INCH-THICK  2024 -T3 ALUMINUM ALLOY WIDE, 1/2-INCH-THICK 2024-T3 ALUMINUM ALLOY 
PLATE PLATE 
on  the  figures.  A  second  value,  using  the  crack  length, 2c1, at the  end of slow  growth, 
and the maximum load stress, S1, was calculated and denoted K1. The value is a s -  
sociated  with  the  critical-fracture  condition  and  is  shown  in  the  figures  as  an  open- 
square symbol. Corresponding values for a single specimen are shown as connected 
pairs .  
A third  value  using  the  crack  length 2c2 was  attempted,  but,  in  most  instances, 
diverged, illustrating the limitations of the elastic model. This is further  emphasized 
by  the  proximity of the  yield  envelope  shown as a dashed  curve on all  of the  figures. 
Crack  Sensitivity 
The  data of this  program  were  also  analyzed  in  accordance  with  the  crack- 
strength-analysis (CSA) method described earlier in this report. The initial crack 
length,  2co,  and  maximum  fracture  stress, S1, were utilized in determining individual 
crack-sensit ivity values,  Cm, for each specimen. These values were calculated by 
means of Expression  (17)  and  are  tabulated  in  Appendix B, where  both  individual  and 
average  values  are  presented  for  each  combination of width  and  thickness.  The  average 
values  from Appendix B are  displayed  in  graphical  form on Figure 30 .  It  should  be 
noted  that  the  results of this  data  analysis  technique  appear  to be  quite  consistent  for 
the 8 and 24-inch-wide panels for all three  thicknesses.  An overall  average  value of 
Cm = 0.616-in. - l I 2  was computed for these cases. The deviation of the 4-inch-wide 
panels  is   believed  to  be due  to  boundary  effects  and  the  stronger  influence of gross  
plasticity. 
t a 4-iinch  wide 0 8-inch widm 0 24-inch  wide 
""- 
%= 0.616 
wide rpacirnenr) 
(Avo. of 8-and 24-inch 
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0' 1 I I I 0. I 0.2 0.3 0.4 C 
Thicknear. T.  incher 
FIGURE 30. AVERAGE CRACK SENSITIVITY VALUES FOR 2024-T3 
AND -T351 ALUMINUM ALLOY SHEET AND PLATE 
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As illustrative of the  effectiveness of the CSA method  in  modeling  fracture  data,  
Figure 31 has  been  prepared. By using  the  above-noted  average Cm value  and  an  aver- 
age  tensile  ultimate  strength, 
TUS = 71.5 ksi  , 
the relation of net  section  stress Sn, to  initial  crack  aspect  ratio,  2co/W,  has  been 
computed  by  the  expression 
a transformation of Express'ion  (17),  and  has  been  plotted  as a solid  line  for  both  8-  and 
24-inch-wide panels. 
Residual  Strength 
The  generalized  residual-strength  analysis  technique  which  was  discussed  pre- 
viously  in  this  report  has  been  used  to  analyze  the  data  generated  on  this  program.  The 
results are presented graphically in Figures 32 through 38. In these figures, the 
triangular symbols ( A )  denote the data coordinates, (2c0, So), characterist ic of the 
threshold of slow growth. The "plus" symbols (t) denote the data coordinates, (2cl,S1), 
character is t ic  of the end of slow  growth,  or  the  lower limit to  rapid  fracture.  The 
circular  symbols (0) denote the data coordinates, (2c2,S1), the upper limit to  the  cri t-  
i ca l   f rac ture  condition. Since the fracture data of th i s   p rogram  a re  not as   extensive  as  
those of the  program on which  the  technique  was  developed,  the  curve  fits a r e  not a s  
broadly based. However, it is  believed  that when these  data are analyzed along with a 
larger data reservoir, the significance of this picture will be more apparent. In gen- 
eral,  the  threshold  data  points  exhibit  considerable  scatter  because of inherent  experi-  
mental inaccuracies. Recognizing that mechanical-offset determinations are a con- 
servative  means of identifying growth, especially at small   crack  lengths,   an  average K 
value of 40 ksi-in. 1 / 2  appears to be representative. While the  cri t ical   fracture  condi- 
tion  is  closely  associated  with  net  section  yielding,  the wide panels  (24-inch)  appear  to 
exhibit a characterist ic  stress-intensity  factor,  K, of about 100 ksi-in.  112, 
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FIGURE 31. FRACTURE DATA FOR 2024-T3 AND -T351 
ALUMINUM ALLOY SHEET AND PLATE PRESENTED 
ON CSA FORMAT 
FIGURE 33. FRACTURE DATA FOR 0.050-INCH-THICK, 
24-INCH-WIDE 2024-T3 ALUMINUM ALLOY SHEET 
FIGURE 32. FRACTURE DATA FOR 0.050-INCH-THICK, 
8-INCH-WIDE 2024-T3 ALUMINUM ALLOY SHEET 
FIGURE 34. FRACTURE DATA FOR 1/8-INCH-THICK, 4- 
INCH-WIDE 2024-T3 ALUMINUM ALLOY SHEET 
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FIGURE 35. FRACTURE DATA FOR I/~-INCH-THICK, 8 -  
INCH-WIDE 2024-T3 ALUMINUM ALLOY SHEET 
FIGURE 37. FRACTURE DATA FOR l/Z-INCH-THICK. 8 -  
INCH-WIDE 2024-T351 ALUMINUM ALLOY PLATE 
FIGURE 36. FRACTURE DATA FOR 1/8-INCH-THICK, 24- 
INCH-WIDE 2024-T3 ALUMINUM ALLOY SHEET 
FIGURE 38. FRACTURE DATA FOR 1/2-INCH-THICK, 24- 
INCH-WIDE 2024-T351 ALUMINUM ALLOY PLATE 
30 
THEORETICAL ANALYSES AND IMPLICATIONS 
It has long  been  recognized  that  crack  propagation  in  structural  materials  involves 
plastic strains. However, in relatively "brittle" materials this plasticity is confined to 
very  small   regions  at   the  ends of cracks,  and  it  is  possible  to  apply  a  Griffith  type of 
theory  for  crack  propagation  which  involves  only  consideration of e las t ic   s t ress   f ie lds .  
With more  "ductile"  materials  such  as  the  2024-T3  aluminum  alloy of this  program, 
plastic-zone sizes become comparable with the crack length. Thus a more detailed 
analysis  is  required  to  adequately  describe  the  fracture  process. 
Two  analytical  approaches  to  the  problem  were  tested  against  the  experimental 
plastic-zone and fracture data. These were a Dugdale model, as developed for finite- 
width  plates,  and  finite-element  analysis  for  elastic-plastic  plane-stress.  calculations. 
Both  involved  application of existing  computer  programs  at  Battelle,  and  represented 
two well known analysis techniques. The following sections include a brief background 
on  the  methods,  followed by numerical  results  with  correlation  with  experimental  data. 
While  the  plastic-strain  field  in  a  cracked  plate  is  truly  three  dimensional,  since  the  de- 
formation  pattern  has  variations  not  only  in  the  plane of the  plate  but  also  through  the 
thickness,  analyses  which  account  for  only  one  or two dimensional  plastic  zones  have 
often  proven  valuable  in  studies of the  fracture  process.   In  this  program it was  deter-  
mined  that  the  Dugdale-model  was  inadequate  in  predicting  either  the  plastic  zones  or  the 
load to produce yielding across the entire plate cross section. The two-dimensional 
finite-element  analysis  predicted  these two aspects  quite  well,  but  was  judged  inadequate 
in  predicting  strain  fields  very  near  the  crack  tip  and  thus  did  not  serve  well  as  a  basis 
for a crack-extension  criterion. 
Analysis of Specimens Using Dugdale Model 
The  Dugdale  model  has  often  proven  to  give  a  useful  account of the  plastic  deforma- 
tion that occurs at the end of a crack under conditions of plane  stress.  The  essential 
features of the model are shown in Figure 39 for a finite-width plate. In particular the 
plastic  zone  is  taken  as  a  thin  extension of the  crack  itself,  and  the  length of this  zone  is 
adjusted  to  eliminate  the  stress  singularity  at  the  tip of the extended crack. The advan- 
tage of this  approach  is  that  the  linear  theory of elasticity  can  be  applied  since,  in  the 
analysis,  the  plasticity  near  the  crack  tip  is  represented  simply  as  a  loading  equal  to  the 
material  yield  stress  which  is  applied  to  the  edges of the  extended  slit. 
It was  anticipated  at  the  onset of the  present  study  that  the  Dugdale  model  could 
give  reasonable  predictions of plastic  zones  and  strains  €or  correlation  with  test   data.  
An existing  computer  program  for  analyzing a Dugdale crack  in  a finite-width  plate  was 
used  to  generate  a  set of numerical  data  corresponding  to  the  test  conditions.  The 
Battelle-developed  program(l 8, is based on  the  boundary-point-least-squares  method. 
It had  been  shown  to  predict  the  existence of a maximum  load  which  a  finite-width  plate 
can carry before the plastic zone grows to the edge of the plate. These predictions had 
also  been shown to  agree with experiment  for 0. 00175-inch-thick  mild-steel  foil. 
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FIGURE 39 .  THE DUGDALE MODEL FOR A CENTRALLY LOCATED 
CRACK IN A RECTANGULAR PLATE 
Numerical  Computations 
With the  available  computer  program  for  the  analysis of a Dugdale crack  in  a 
finite-width  plate,  a  sufficient  number of cases  was  solved  to  cover  the  range of loads 
and crack lengths encountered in the experimental studies. In particular, the following 
crack  aspect  ratios  were  selected 
and  plastic  zone  sizes  were  calculated  for  a  minimum of six  different  applied  stress 
levels for each. In all of the  calculations  a  non-strain-hardening  material  was  assumed. 
For  purposes of computation a plate width of W = 8 . 0  in. was selected, although it 
should  be  understood  that  the  same  results  would  hold  for  any  geometrically similar 
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plate.  The  plate  length  was set at 2h = 12.0 inches, and the boundary conditions at 
y = *h were 0 = S and 7 = 0. A preliminary check showed that use of a uniform- 
displacement  %oundary  condition  (fixed  grips)  gave  only  slightly  different  results. Also 
the  uniform-traction  condition  proved a somewhat  easier  condition  to  treat  from  the 
standpoint of numerical   accuracy. 
XY 
The  procedure  used  in  the  computer  calculations  was  as  follows. A given crack  
aspect  ratio  was  selected  and a unit  tensile  stress  applied.  Then a ser ies  of progres-  
sively  longer  plastic  zones ( a  in  Figure 39) were  assumed.  For  each  zone  size a cor -  
responding  yield  stress Y was  calculated,  and  this  way  the  variation of zone  size  with 
the  applied  stress  ratio S / Y  was  determined. At the same time stress  and  displacement 
distributions were obtained. Here S is  the  applied  or  gross  stress  and  is   calculated  as 
load  divided  by  the  product of width  and  thickness. 
Figures 40 through 42 are   parametr ic   curves   plot ted on  the  basis of the  limited 
number of cases  analyzed.  These  give  as a function of net stress, the plastic-zone size 
and  the  crack-opening  displacements  at  the  tip  and  center of the  crack.  Net  stress  was 
used   as  a coordinate  here  to  allow  plotting of curves  for  different  aspect  ratios  with a 
common  scale. 
The  essential  character of the  zone-size  variation  with  load  as  predicted  by  the 
Dugdale analysis is clear from Figure 40. The requirement that the stress be finite at 
the  end of the  plastic  zone  gives a decreasing  load  with  zone  size when the zone ap- 
proaches the edge of the plate. A certain maximum load for each 2c/W exists, and this 
implies that the plastic zone propagates to the edge for a small increase in load. The 
maximum  load,  termed  the  tensile  instability  load,  is  the  maximum  load  that  the  plate 
can  carry  as  predicted  by  the  theory. 
Figures 41 and 42 summarize  the  calculations of crack-tip  displacements  and  dis- 
placement  at  the  center of the  crack.  Here  again  the  curves  reach  an  apparent  maximum 
a t  the  tensile-instability  ioad. 
Figure 4 3  represents  a summary of the previous curves. The tensile-instability 
line is obtained by plotting the maximums of Figure 40. The Dugdale analysis thus 
suggests  that  combinations of crack  length  and  load  which  plot  below  the  curve  represent 
stable zones, and points above the curve, the fully plastic states. Crack-tip displace- 
ment,  vc, is a measure of the  maximum  strain,   and  is   also a possible  cri teria  for  ex- 
tension. Lines of constant values of Ev, /Y  a r e  shown on Figure 43, and these show the 
same  downward  trend  with  increasing  crack  size  as shown  by  the  tensile  instability 
curve. 
Comparison of Preliminary  Experimental  
". Results . Witk-bugdale  Analysis 
As reported  in  Reference  18,  plastic-zone  predictions of Battelle's  boundary- 
point-least-squares  computer  program  agreed  well  with  experiment  for  mild-steel  sheet. 
It had  been  anticipated  that similar agreement would be  obtained  for  the  2024-T3  alumi- 
num  alloy. 
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FIGURE 40. PLASTIC-ZONE-SIZE PREDICTION OF DUGDALE ANALYSIS FOR 
FINITE-WIDTH PLATE 
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FIGURE 41. CRACK-TIP DISPLACEMENT PREDICTED BY DUGDALE ANALYSIS FOR 
FIMTE-WIDTH PLATE 
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FIGURE 42. CRACK-OPENING DISPLACEMENT PREDICTED BY DUGDALE ANALYSIS FOR 
FINITE-WIDTH PLATE 
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FIGURE 43. CRACK-TIP DISPLACEMENT AND TENSILE INSTABILITY OF DUGDALE PLASTIC ZONE 
(Plate Width, W = 8.0". Plate Length. 2h = 12 .0" )  
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Preliminary  crack-growth  data  points  were  plotted  for  comparison  with  the  tensile 
instability curve of Figure 43, and the result is shown in Figure 44. Each data point 
represents  an  observed  combination of crack  length  (plotted  as  aspect  ratio)  and  gross 
stress.  Crack  lengths  recorded  are  both  the  extended  length  just  prior  to  final  fracture 
and  the  length  just  before  slow  growth  could be observed  visually. 
As is  clear in Figure 44, all data points fell above the tensile-instability or 
maximum-load prediction of the Dugdale analysis. If such an analysis were valid all 
points should 'lie either on o r  below the curve. If the maximum load is governed by 
growth of the  plastic  zone  to  the  edge of the  plate,  then  the  data  points  should  lie on the 
curve.  If fracture occurs due to some critical strain developing at the crack tip, then 
the. data points should fall below the curve. The predicted plastic zones of the Dugdale 
analysis were too long. Also observations of the surface appearance of the specimens 
suggested that the zone had the characteristic "hinge" or "butterfly" shape rather than 
the  assumed  slit-like  form. 
O'l 
Crack Length, 2 c I W  
FIGURE 44. PRELIMINARY CRACK-GROWTH DATA RELATED TO 
TENSILE-INSTABILITY LOAD O F  DUGDALE MODEL 
It  was  originally  proposed  to  extend  the  finite-width-plate  computer  program  to  in- 
clude effects of strain  hardening. A strain hardening model would predict a shorter  
plastic zone and higher maximum load. With the ult imate  strength of 2043-T3 about 
20  percent  higher  than  the  yield  strength,  it  was  believed  that  this  alone  would  not  be 
sufficient correction. Moreover, the zone shape of the Dugdale model was known to be 
incorrect.  Thus,  i t  was concluded that no refinement was justif ied.  Since the Dugdale 
model  proved  inadequate,  work  was  directed  instead  to  two-dimensional  models. 
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The  reason  for  the  appearance of the  Dugdale  type of zone  in  some  materials  and 
not  others is subject  to  debate.  However,  materials  with  an  upper  and  lower  yield  stress 
or  with a lack of strain  hardening  seem  more  likely  to  show  slit-like  zones.  The stress 
s t ra in   curve of the  2024-T3  has  neither of these  characterist ics.  
Two-Dimensional  Analysis of Plastic  Zones 
by  Finite-Element  Method 
In  the  Dugdale  model  the  plastic  zone at the  end of a c rack  is assumed  to  be a 
narrow slit-like region. Since initial observations suggested that the plastic zones in 
the 2024-T3 alloy were not of this shape, a different theory was needed. Such a theory 
should  involve a two-dimensional  plastic-zone  shape,  and  preferably  should  predict  this 
shape  as   par t  of the  analysis.  Battelle's  finite-element  computer  program  FEELAP  for 
elastic-plastic  analysis of plane-st ress   s ta tes   is   capable  of such  predictions,  and  this 
existing analysis technique was therefore applied to the plastic-zone problem. Battelle's 
FEELAP  computer  program  is   typical of the  constant-strain-element  analysis  which  has 
found widespread  use.  Finite-element  analyses  have  been  applied  to  the  elastic-plastic 
crack  problem  before,  notably by Swedlow(lS),  and  the  limitations of the  method  for 
crack problems should be interpreted with caution. However, in this study, the main 
interest  was in plastic-zone  growth,  and  the  load  needed  to  propagate  the  zone  to  the 
edge of the specimen. For this, the finite-element method is quite adequate. The next 
section  describes the computations made using the computer program FEELAP, which 
is  Battelle's  version of the  program  originally  developed by Marcal and King. (20) 
Numerical ComDutations 
Plastic  zones  were  computed  with  the  finite-element  program  FEELAP  for  crack 
aspect   ra t ios  of 2c/W = 1/3 ,  1 / 2  and 2/3. The plate width and length were taken as 
8.  0 and  12. 0 inches,  and  the  loading  was  prescribed  as a displacement  or  fixed-grip 
condition.  In  each  calculation  the  applied  load  was  increased  until  the  plastic  zone  pro- 
pagated  to  the  edge of the  plate. 
A bilinear  stress-strain  curve  with  strain  hardening  was  prescribed  and  this  was 
based on tensile  data  for  the 0.  123-inch-thick  material  whose  yield  strength  was  about 
52, 150 psi.  Young's  modulus  and  Poisson's  ratio  were  taken  as  10. 6 x l o 6  psi  and 
0.  333, respectively. 
The  finite-element  representation of the  cracked  specimen  is  shown  in  Figure  45, 
with a total of 208 nodal points and 364 elements. Only one quadrant of the  symmetric 
problem  was  analyzed. About 1 minute of central   processor  time was  required  per 
plastic load increment on Battelle 's  CDC 6400 digital computer. About 15 load incre- 
ments  were  required  to  analyze  each  case.  
The  calculated  load-deflection  curves  are shown in  Figure 46 for  each of the  three 
aspect   ra t ios .   Load  is   here   represented  as   net   sect ion  s t ress   normalized  with  respect  
to  material  yield  strength.  The  change  in  slope  occurs  when  the  net  section  stress  is 
somewhat  greater  than  yield  and  this is an  indication of the  gross  yielding of the  cracked 
plate.   Net  section  stresses  greater  than  yield  were  also  observed  experimentally.  
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The  predicted  shapes  and  progressive  growth of the  plastic  zones  at  the  end of the 
c rack   a r e  shown in Figures 47, 48, and 49, for   each of the  three  crack  aspect  ratios. 
Some judgment was required in locating the contours precisely, since each finite ele- 
ment of the  grid  was  either  elastic  or  entirely  plastic  because of the  assumption of con- 
stant strain within an element. The movement of the elastic-plastic boundary was thus 
discontinuous. The zone shapes are labeled according to the net cross-sect ional  s t ress  
Some aspects of the plastic-zone growth can be noted. Referring to Figure 47 for 
2c/W = 1/3  it  is  seen  that  the  zone  has  extended  hardly  more  than  half way to  the  edge of 
the plate, even though the net s t r e s s  of 52,500 psi is greater than yield. However, at a 
slightly higher stress of 56,400 psi, the zone has moved to the edge of the plate. For 
all  aspect  ratios  the  zone  grew  very  slowly  at  low  stress  levels,  and  then  showed a very 
rapid  increase in growth  rate  as  the  net  section  yield  stress  was  approached. 
The  zone  shapes  predicted  were  very  much two dimensional, and had a "butterfly" 
appearance. In this respect they were quite different from the slit-like zone of the 
Dugdale model. Viewing Figures 47 to 49 successively, it is seen that the zone assumes 
a more  rounded  appearance  for  larger  crack  aspect  ratios. 
Photoelastic ~~ Determination of Plastic  Zones 
A number of methods  are  available  to  determine  the  region of plastically  deformed 
material at the ends of cracks. Etching techniques give a positive indication of plastic 
deformation but they are applicable to only a few materials. For two-dimensional speci- 
mens, plane-stress conditions are usually assumed, and yield is evident as changes on 
the specimen surface. Yield zones are often estimated on the basis of surface appear- 
ance as was done during the early tests. Replication techniques can give quantitative 
measurements of thickness changes, and perhaps a more precise indication of yield. 
The  photoelastic  coating  method  used  in  the  present  work is believed  to be more 
precise than some of the alternative methods. The coating technique and the ser ies  of 
measurements  made  are  described  after  discussing  the  theoretical  basis  for the photo- 
elastic  plastic-zone  determinations. 
The photoelastic coating method used in this  program  is  believed to be more  pre-  
cise than some of the alternative methods. The theoretical basis for the photoelastic 
plastic-zone determination, the techniques employed, and the results are given in 
Appendix C.  The correlation of the photoelastic measurements with calculations de- 
scribed in  the  previous  section  was  examined  as  described in the next section. 
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FIGURE 48.  PLASTIC ZONE IN 2024-T3, 0.125-INCH-THICK SPECIMEN AS 
DETERMINED B Y  FINITE-ELEMENT CALCULATION, 2 c / W  = 1/2 
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FIGURE 49. PLASTIC ZONE I N  2024-T3, 0. 125-INCH-THICK SPECIMEN AS 
DETERMINED BY FINITE-ELEMENT CALCULATION, 2c/W = 2 / 3  
Correlation of Calculated  and  Measured  Plastic  Zones 
The  agreement  between  the  calculated  and  experimentally  determined  plastic  zones 
was examined. However, as a preliminary check, the calculated and experimental 
s t ra in   f ie lds   were  compared  as  shown in Figure 50. The strain-difference lines (as 
photoelastically  determined)  are  shown  as  solid  contours  and  the  calculated  strain  dif- 
ferences by dash contours. In general the agreement is quite good. 
I The  photoelastically  determined  plastic  zones  for  the  four  coated  specimens  are 
shown in Figures 51 through 54. They show the same characteristic "butterfly" shape 
as   those  predicted by the finite-element plane-stress calculations. For all except the 
fracture. For the 24-inch specimen of Figure 54, the last photoelastic record was at a 
stage  when  the  zone  was  growing  very  rapidly, so the  zone  may  have  subsequently  spread 
to  the  edge of the  plate  at  a slightly  higher  loading.  Initial  stages of slow  crack  growth 
is evident  in  Figure  53,  as a shifting of the zones to the right. 
24-inch-wide specimen, zone growth to the edge of the plate was recorded prior to 
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FIGURE 51. PLASTIC ZONE IN 2024-T3, 0.051-INCH-THICK SPECIMEN 
AS DETERMINED  BY  PHOTOELASTIC  MEANS 
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FIGURE 53. PLASTIC ZONE IN 2024-T3, 0.500-INCH-THICK SPECIMEN 
AS DETERMINED BY PHOTOELASTIC MEANS 
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FIGURE 54. PLASTIC ZONE IN 2024-T3, 0.123-INCH-THICK SPECIMEN 
AS DETERMINED B Y  PHOTOELASTIC  MEANS 
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FIGURE 55. PROPAGATION O F  PLASTIC ZONE AS MEASURED A T  40-DEGREE 
ANGLE FROM CRACK TIP (2024-T3, 0.125-INCH-THICK SPECIMEN) 
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The  extent of the  plastic  zone  was  determined  from  the  fringe  patterns as follows. 
F rom  the  known sensitivity of the  coating,  the  following  relation  between  fringe  numbers 
and  principal  strain  differences  were  determined. 
Fr inge 1 
Fringe  2  
Fringe  3 
Fringe 4 
cl - c2 = 0. 00379 in.   / in.  
E l  - = 0. 00758 in.   / in.  
€1  - €2 = 0.01137 in. /in. 
E l  - c2 = 0.01516 in. /in. 
A s  discussed in Appendix C, yield is indicated when 
taking the 0. 123-inch-thick  material  with Y = 52,150  psi, E = 10. 6 x  l o 6  ps i  and 
v = 1/3, then 
E - c2 1. 0. 00656 1 
This  implies  that  the  yield  fringe  is 
Yield  Fringe = 0.00656 = 1 . 7 3  . 0. 00379 
Location of the 1. 73 fringe  required  interpolation  between  Fringes  1  and  2. 
Comparison of the  calculated  and  measured  zones  is   made  in  Figure  55.   The 
curve  shows  the  maximum  extent of the  plastic  zone  as  measured  at  40-degree  angle 
from the crack tip. The experimental points were obtained from Figure 52 for the 
0 .  125-inch-thick  specimen  with  crack  aspect  ratio of 1/3,   and  the  results  are  in  quite 
good agreement. The differences may be due to a number of factors.  Among t h e s e   a r e  
experimental  error  in  the  photoelastic  measurements,  use of the  Tresca  yield  criterion 
for  the  experimental  work  and  the  von  Mises  in  the  calculations,  errors  in  judgement  in 
locating  contours  between  data  points,  effects of res idual   s t resses  on the  experimental 
results,   and  errors  in  the  assumed  values of the  elastic  constants. 
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Some general conclusions can be formed on the  basis of the above data. The 
calculated  and  measured  plastic  zones  are  in  quite good agreement  both as to  shape  and 
s ize .  It is clear that for all except perhaps the 24-inch-wide specimens, the plastic 
zones had grown to the edge of the  specimen  prior  to  fracture.   The  plastic  zones  in  the 
0. 500-inch-thick  specimen  were  much  like  those  in  the 0. 050-inch-thick  specimen, 
which  indicates  that  plane-stress  conditions  governed  in  both  cases. 
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Interpretation of Crack-Growth .- Data 
~~ 
The  experimental  results  have  been  plotted  in  Figures 56 to 58 for  comparison  with 
the results of the elastic-plastic analyses. The experimental data have been separated 
into groups with respect to plate thickness. For each specimen, three points are 
plotted and connected by lines to show the stages of crack  growth.  The  three  points  are 
defined  the  same  here  as  in  the  Engineering  Evaluation  part of this  report .   In  particular,  
the first point  corresponds  to (2c,, So) or  the  threshold of slow crack growth, the second 
point  corresponds  to ( 2 ~ 1 ,   S I )  where  crack  growth  accelerates,  and  the  last  point  cor- 
responds to ( 2 ~ 2 ,  S1) or the onset of final  fracture. 
The  three  curves on Figures 56 to 58 locate  the  experimental  data  with  respect  to 
the  predictions of elastic-plastic  analyses. It i s  of interest  to know the  load  required  to 
produce  gross  yielding of the  plate  cross  section,  since  in  the  absence of br i t t le   f racture  
this will define the load-carrying capacity of the plate.  The three curves are the tensile 
instability  load f rom the  Dugdale  analysis of the  finite-width  plate,  the  net-yield-stress 
line of (1-2c/W)  t imes  the  gross  stress,   and  the  consensus of the  finite-element  and 
photoelastic  -zone  determinations. 
Although the  behavior of all  specimens  followed  essentially  the  same  pattern, 
some  trends with respect  to  plate  width  and  thickness  seem  to  be  evident.  The 
0. 500-inch  specimens  showed  somewhat  less  slow  crack  growth  than  the 0. 050 or  0.  123- 
inch thicknesses, although final fracture occurred at about the same applied stress. The 
width  effect  reflects  the  trend of linear-fracture  mechanics  with  the  wider  specimens 
fracturing  at   somewhat  lower  stresses.  
In  most  simple  terms,  the  fracture  process  observed  for  this  material  in  the  ex- 
perimental studies begins when the state of stress is  essentially elastic.  Then a stage 
of slow crack  growth  under  increasing  load  continues  until  the  plate  cross  section  be- 
comes entirely plastic at which time final fracture occurs. As discussed in the Engi- 
neering  Evaluation  section,  the  threshold of slow  growth  correlates  with  stress-intensity 
factors  of l inear-fracture mechanics.  'However,  the subsequent slow-crack-growth 
process  is  beyond  the  normal  scope of l inear-fracture  mechanics,   since  simple  elastic- 
energy  considerations  predict  unstable  growth  after a critical  stress  intensity  is  exceeded. 
In  contrast,  the  observed  growth  in  the  present  study  was  clearly  stable  in  character, 
since it occurred under conditions of increasing load. In this context, the growth must 
be considered stable during the stage of growth from length 2cl to 2c2. Although in 
Figures 56 to 58, no increase  in  load  is  indicated  during  this  stage,  the  testing  machine 
maintained constant loading rate. Thus, it is estimated that a few hundred  psi  increase 
in  gross  s t ress  did occur.  In terms of net stress,  the increase was much greater since 
the  remaining  cross-sectional  area  decreased  as  the  crack  grew  from  length  2cl   to  2c2. 
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FIGURE 56. CRACK-GROWTH DATA FOR 
0.050 INCH THICKNESS RELATED TO CRI- 
TERIA FOR GROSS YIELDING OF  SPECIMEN 
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FIGURE 57. CRACK-GROWTH DATA FOR 
0.123 INCH  THICKNESS RELATED TO CRI- 
TERIA FOR GROSS YIELDING OF SPECIMEN 
FIGURE 58. CRACK-GROWTH DATA FOR 
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TERIA FOR GROSS YIELDING OF SPECIMEN 
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Analysis of the  Slow-Crack-Growth  Process 
The  observed  stress-crack  size  combinations  (Si,  2c2)  corresponding  to,final 
f racture   (Figures  56 to 58) correlate  well  with  the  rapid  increase  in  crack-tip  strains 
associated with gross yielding. However, a complete theoretical  picture must also 
include  an  analysis of the  slow  stage of crack  growth, s o  that  given  the  initial  flaw  size 
one can  predict  both  final  or  critical  flaw  size ( 2 ~ 2 )  and  corresponding  maximum  load. 
Due to  the  complexity of the  problem,  only  brief  consideration of such a theory  was  pos- 
sible  in  the  present  program.  The following discussion pertains in a qualitative  sense  to 
the  factors  governing  the  process of slow  crack  growth. 
Review of McClintock  Analysis 
The  work of McClintock is most  relevant  to  the  present  program. ( 2 )  In  his  work 
an  analysis  was  developed  which  predicted  stable  crack  growth  under  conditions of t rans-  
verse shear. In addition, experimental results obtained for H19 temper aluminum foil 
under biaxial tensile loading were consistent with the theory. In effect, a s t ra in   cr i ter ion 
for  fracture  similar  to  that  of Neuber(l0) was employed, whereby, over some fixed dis- 
tance beyond the crack tip, a cri t ical   strain  must  be  exceeded.  The  distance  and  strain 
were taken as material constants. A solution due to Hadz1)   fo r  the plastic strains ahead 
of an extending crack is applied to predict crack growth. This solution gives the strain a 
for a stationary  crack  in  the  form 
1 a - -  
r ( J l c ,  ) 
where r is the  distance  from  the  crack  t ip,   and  J/c  is   the  ratio of plastic-zone  size  to 
crack length. Thus the strain and plastic-zone size are directly related. 
McClintock's results show the following characteristics: 
Of two geometrically  similar  specimens,  the larger will  crack  at  the 
lower   s t ress .  An inverse square root of the crack-length relation- 
ship of s t ress   to   cr i t ical  flaw size  is  predicted,  which  agrees  with 
l inear-fracture  mechanics.  
The  initial  crack  growth  is  stable;  that is an  increase  in  load  is   required 
after the first increment of growth. This results in a s t ress   c rack  
length  curve of the  type  shown in  Figure 59. 
While there   i s   more  slow crack  growth  for  the  larger of two geo- 
metrically  similar  specimens,  the  percent  increase  in  crack  length 
will be  less.  
Residual  stresses  develop  at  the  tip of a growing  crack due  to prior 
plastic-zone  growth,  and  the  existence of stable  crack  growth  is 
re la ted  to   these  s t resses .  
48 
1.G- - 
- R e d i c t d  
CO 
Crack  Length, c 
FIGURE 59.  STRESS-TO-CRACK-LENGTH  RELATIONSHIP 
PREDICTED B Y  McCLINTOCK THEORY 
Net stress = Yield 
wide X 0.125 inch 
thick specimens 
A 
~ -' ~ '~ ---I3 I I I I 0.1 0.2 0. 0.4 0.5 0.6 0.7 0 
Crack Length, 2 c l W  
I 
FIGURE 60. PREDICTION O F  SLOW CRACK GROWTH ON BASIS O F  
ELEMENTARY PLASTIC-ZONE-SIZE CONSIDERATIONS 
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A Simple  Crack-Growth  Analysis 
Predictions of the  model  developed  by  McClintock agree generally  with  the  crack- 
growth data of the present program. In particular,  the crack-length-versus-stress 
curves  show the same behavior, and the predicted effects of plate   s ize   are   correct .  On 
the  other  hand,  since  the  solutions  are  for  an  infinite  region,  no  effects of aspect  ratio 
are p.redicted. 
Unfortunately,  explicit  solutions of the  type  used  by  McClintock  are  not  available 
for the loadings and geometries of the  present  program.,  However, it is   easy  to  show 
that  load-crack  length  curves of the  proper  form  can  be  constructed on the  basis of the 
available plastic-zone-size data. For example, one might assume that crack growth 
begins  at a s t r e s s  So for  an  initial  crack  length  2c0  and  that So can  be  calculated on the 
basis  of a cr i t ical  s t ress- intensi ty  factor .  Going one step further, assume that the 
crack  grows  in  such a manner  that 
where n i s  a proportionality  factor,  and i o  i s  the  plastic-zone  size  corresponding  to 
So. This implies that the strain at the crack tip is proportional to the plastic-zone size, 
and  that  the  residual  stress  due  to  prior  plastic  deformation  is  related  to  the  amount of 
prior  crack  growth, 
Q l c  = 0.03  (1 - $)2 exp [%./I , 
1"  
(23) 
gave a reasonable  representation of the  calculated  and  measured  plastic-zone  sizes.  
Combining  this  with  the  assumed  crack-growth  relation  gives 
which allows prediction of a load  crack  length  behavior  for S > So. This  has  been  ap- 
plied to the 0.  123-inch-thick specimens for the 24-inch width, taking n = 2.  0.  The  re-  
su l t s   a re  shown on Figure 60, and  qualitative  agreement  with  the  experimental  slow- 
crack-growth  data  was  obtained. 
The  heuristic  nature of the analysis does not warrant further calculations. It is 
significant  however,  that  simple  plastic-zone-size  considerations  give  rise  to  the  proper 
type of crack-growth  curve,  with a low ra te  of growth  initially  followed by a rapidly 
accelerating  growth  rate.  In  addition a picture of the  fundamental  physical  process  in- 
volved in slow crack growth can be proposed. It is a stable process, with the plastic- 
stra.in  fields  left  by  the  growing  crack  acting  to  arrest  growth  until  an  increase  in  applied 
load  allows  further  growth. 
50 
CONCLUDING  REMARKS 
On this   program, a study of plane-stress  and  transit ional-stress  state  fracture  be- 
havior of 2024-T3  and  -T351  aluminum  alloy  sheet  and  plate  in  thicknesses  through 
1/2  inch  and  in  panel  widths  through 24 inches  was  made. Of primary  interest   were  the 
parametric  effects of thickness,  width,  and  plasticity  which  were  analyzed  from  both a 
practical-engineering perspective and a more-rigorous  theoretical   perspective.   Com- 
plementary  efforts  in  the  identification of the  onset of slow  growth,  the  identification of 
rapid  fracture,  and  the  experimental  determination of the  plastic-zone  size  were 
included. 
In  the  rising-load  fracture  test of a center-cracked  tension  panel,   specimen  re- 
sponse begins in a linear and elastic fashion. At some level of s t r e s s ,  dependent on 
crack  size,   material   characterist ics,   and  panel  geometry,   nonlinearity  in  specimen 
response is detectable  due  to a slow,  stable  growth of the  crack  and/or  crack-tip 
plasticity.  Although  precise  discrimination  between  crack  growth  and  plasticity  effects 
is difficult,  useful  engineering  estimates  was  accomplished by visual  or  photographic 
observations, and graphical offsets on the load records. This threshold or onset of 
slow  growth  was  identified by the  crack  size-stress  level  coordinate  pair  (2co, So). 
This  is  an  important  benchmark  in  the  rising-load  test  since  it   represents  an  increase 
in  the  macroscopic  physical-damage  state of the  specimen. 
A s  further loading was applied, slow, stable crack growth continues until insta- 
bility was manifested as a sudden acceleration pulse. On photographic records, it was 
noted  that  the  slow  growth  proceeded  at a nearly  uniform  velocity  (generally, a small  
fraction of an inch per second) to a crack length, 2c1. Here a sudden and brief accel- 
eration  pulse  dramatically  changed  the  crack  velocity. At a crack  length of 2c2, a high, 
nearly  constant  terminal  velocity  (>>1  inch/second)  was  achieved  which  carried  the  crack 
to the boundary. The critical crack length is considered to be bracketed by the mea- 
surements  2cl  and 2c2. While this is not a precise length, it  appears to be a reasonable 
engineering estimate. Since the time differential (less than one second) associated with 
this crack-length increment was small, and since the loading rate was low, the associ- 
ated maximum-stress level is  nearly constant.  Therefore,  the coordinate pairs (2~1, S1) 
and ( 2 ~ 2 ,  S1)  are  considered to represent  the critical condition. 
Throughout this process, there was a subtle but intimate relationship between plas- 
ticity and slow growth. Plasticity tended to relax the severity of the stress field adja- 
cent  to  the  crack  tip,  thus  permitting  the  subcritical  process of slow  growth  to  predom- 
inate overall elastic instability. If this plasticity or "forgiveness" within the material 
was inhibited, the slow-growth processes would probably reach instability sooner. Thus, 
thickness  and  width  increases,  which  provide  dimensional  restraint  on  plastic-zone  de- 
velopment, tended to increase the crack sensitivity of the material. It is additionally 
important  to  recognize  that  plasticity,  while  constrained by geometry,  is  also  an  intrinsic 
metallurgical  characterist ic  which  may  vary  from  material   to  material .   This  means  that  
the  conceptual  thickness  and/or  width  effects  described  may  be  totally  masked  over  or 
may  be  compensated  by  the  inherent  plasticity  or  ductility of the  material .  Of course,  it 
is  the  function of testing  to  ferret   out  the  primary  characterist ics of this  behavior. 
The  results of this  program  have  indicated  negligible  thickness  effects  in  the  frac- 
ture  behavior of 2024-T3  and  -T351  aluminum  alloy  sheet  and  plate  through  thicknesses 
up to 1/2 inch. Furthermore, no apparent trends toward increased frangibility can be 
projected for greater thicknesses on the basis of these data. However, there are some 
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notable width effects relative to the critical  fracture  conditions.  For  all  thicknesses  and 
in  widths  through 8 inches,  net  section  yielding  appeared  to be a real   fa i lure   character-  
is t ic .  In the 24-inch widths, for all thicknesses, there was a distinct  elastic  character-  
ist ic  for the end of slow  growth,  or  the  onset of critical  instability, i. e . ,  the  coordinate 
points ( 2 ~ 1 ,  SI). The significance of this is that the 24-inch-wide panel is a minimum 
requirement  for  studying  elastic-fracture  conditions  in  2024-T3  and  -T351  sheet  and 
plate. In fact, it suggests that distinctly larger panels, probably 36 inches wide,  are 
needed to study the phenomenon i f  i t   i s  of interest.  Relative  to  the  threshold  conditions, 
it is  significant  that  slow  growth  initiated  well  within  the  elastic  range (i. e . ,  well  below 
net section yielding). Data scatter coupled with experimental uncertainties in threshold 
determination  suggested  no  distinct  thickness  and  width  effects. 
The  engineering  evaluation of fracture-analysis  methods  pointed  out  the  variety of 
concepts  utilized  to  describe  fracture  behavior.  Most of these fall into one of two catego- 
ries.  Either  they  strive  intently  toward  characterization of all   aspects of the  material  
per se, such as the extensive corrections introduced on the  stress-intensity  factor;   or,  
at  the  opposite  extreme,  they  apply  creative  but  intuitive  techniques of analytical 
modeling  which  result  in  pseudoparameters of material  behavior  such  as  the  effective- 
width techniques or notch-strength analysis. A bridging  across  the  gap  at  the  materials- 
structures  interface  is  needed to marry  the two teclinologies. Such a technique has been 
proposed  and is illustrated  within  this  report.  Both  threshold of slow  growth  and  critical 
fracture  stability  can  be  presented on a common  format.  Their  relationship  can  be 
visually compared or even reduced to the more elementary notch-strength format. Its 
power lies in satisfying the dual function of a function of a fracture index: (1) it must 
provide a qualitative  rating of fracture  resistance  for  materials-selection  purposes,   and 
(2 )  it must be quantifiable for engineering design. While the concept is not new, the 
method  is  new.  The  resultant  interpretations  which  may  be  derived  from  this  method  are 
believed  to  be  quite  powerful  for  elucidating  flaw-growth  behavior. 
The  theoretical  analysis  was  undertaken  to  establish  the  elastic-plastic  criteria 
associated with plane-stress   f racture .  Although a definitive strain criterion did not 
evolve, significant insight was gained to the manifestation of tensile instability. The 
Dugdale  model  was  demonstrated  to  be  inadequate  for  this  structural  material  because of 
the two-dimensionality in plastic-zone development. However, finite-element techniques 
were quite useful in predicting the size and shape of the plastic zones. Photoelastic 
analysis  correlated  analytical  procedures  very  well  and  demonstrated  the  power of the 
finite-element  procedure. 
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APPENDIX A 
PRELIMINARY FRACTURE TESTS 
For   the  prel iminary  tes ts ,  the following thicknesses (in inches) of bare 2024-T3 
and T-351 were tested: 0.020, 0.032, 0.040, 0.050, 0.063, 0.125, 0 .  190, 0.250, 
0.3125, 0.375, 0.500, 0.625 and 0.750. These thicknesses were selected on the basis 
of the  belief  that  they  would  provide  meaningful  data  on  the  fracture  behavior of the  base 
2024  alloy  in  the  plane  stress  and  transition  region. 
P r i o r  to making the fracture tests, tensile tests were conducted to verify typical 
mechanical properties for the alloy. Two tensile tests were conducted for each thick- 
ness,  except  the 0. 625-  and 0.  750-inch-thick  material  using  standard  tensile-test  pro- 
cedures.  The results are summarized in Table A-1. They show the mater ia l  to be 
typical of this alloy and heat treatment, except for the 3/8-inch-thick material. For 
this  thickness,  the  yield  strength  was  slightly  below  the MIL-HDBK-5A value. 
For all thicknesses cited above, three fracture tests were conducted. For thick- 
nesses  through  0.3125  inch  and  for  0.500-inch  thick  specimens  some  tests  were  per- 
formed with and without buckling guides. For 0.375-, 0.625- and 0.750-inch-thick 
specimens, no buckling guides were used. This procedure was followed to ascertain if 
the use of buckling  guides  had  any  discernible  effect  on the residual  static  strength of 
precracked  2024. 
The specimen was 8 inches wide by 32 inches long. The gripping pattern varied 
depending  on  thickness  since  different  test  systems  were  employed to conduct the tes t s .  
The  starter  flaw  consisted of a centrally  drilled  and  reamed  1/4-inch-diameter  hole 
extended by electric-discharge machining. Prior to fracture testing, the EDM slot was 
saw-cut along the specimen midplane to a total crack length of 1 . 8  inches. Since the 
crack  length  desired  for  the  fracture  test  was  approximately 2 .  6 inches,  the  last 
0 .  8 inch of crack  was  introduced by fatigue  loading.  All  fatigue  cracking  was  performed 
such  that  the  resultant  crack  was  flat  and  such  that  the  final  stress-intensity  level of 
fatigue  cracking  was  the  same  for  all  specimens. 
The tests were conducted in 25-kip, 50-kip, and 170-kip maximum static-load 
capacity electrohydraulic servocontrolled test systems using load control. After 
precracking, a compliance gage was inserted into the centrally drilled hole for mea- 
surement  of crack-opening displacement (COD) during the fracture test. The compli- 
ance gage is a double-cantilever clip type, constructed from 17-7 PH stainless steel 
with a bridge of four active gages. Calibration curves were constructed giving' bridge 
output as a function of gage  displacement. 
As previously mentioned, buckling guides were used on some tests. These guides 
consisted of 1/4-inch-thick  steel  plates  lined  with  wax  paper  on  the  face  contacting  the 
specimens.  A hole was drilled in one of the buckling guides through which the compli- 
ance gage was inserted. The other buckling guide possessed a slot  mach.ined along its 
width  about  1/4  inch  on  each  side of the  crack  plane  to  permit  viewing  the  progress of 
the crack during the course of the test. During each test, movies of the slow-crack- 
growth  phase  were  taken  at  128 frames  per  second.  This  was done to permit the 
A-1 
TABLE A-I. VERIFICATION-TEST DATA FOR TENSILE PROPERTJES 
OF 2024-T3 ALUMINUM ALLOY 
" ~ -~ 
~~~ ~ 
" 
~.. - ~ .. .~ - .  . ~ .. . - 
0.2 Percent  Yield  Ultimate  T nsile  Elongation, 
Thickness , Strength,  Strength,  percent  in 
Specimen  inch psi p s i  2 inches 
~ " -~ " . . . " 
1 0.020 53, 500 
2 0.020 47, 500 68, 500  18.0 
. .  - - 
68,500  17.0 
Average 50, 500 
1 0.032 50,900 
2 0.032 50, 600 
68, 500  17. 5 
70, 500  18.0 
70, 500  1 . 5 
-
Average 50,750 70, 500  17.75 
1 0.040 47,700 66,300  18.0 
2 0. 040 48,3 00 66, 800  20.5 
Average 48,000  66,550  19.25 
1 0.0512 50,200 68,900 19.5 
2 0.0512 49,900 68, 800  19.5 
Average 50,050 68, 850  19.5 
1 0.065 53,100 74,200  20.8 
2 0.065 52, 500 74,200  20.0 
Average 52, 800 
1 0. 125 52, 000 
2 0.  125 52, 300 
74,200 
69,400 
69, 500 
20 .4  
17. 5 
18. 5 
-
Average 52, 150 69,450 18.0 -
1 0. 1855 5 1,200 69,000 19.0 
2 0. 1855 5 1,400 70, 000 20.5 
Average 51,300 
1 0.2593 55,200 
2 0.2593 55,100 
Average 55, 150 
1 0 .3  124 54, 800 
2 0.3124 55,100 
' Average 54, 950 
1 0.381 45,200 
2 0 .381 45,200 
Average 45,200 
1 0.505 52, 800 
2 0. 505 52, 800 
Average 52, 800 
69, 500  19.75 
71, 500 2 0 . 0  
71, 800  18.0 
71. 650 
69,900 
70,200 
19. 0 
22.0  
20 .0  
-
70, 050  21.0 
67, 700 22.0 
67, 800 22 .0  
- 
67.750 22.0 
67,200 
67, 100 
67, 150 
22 .0  
21.0 
21.5 -
1 0 .  629 55, 600 71, 100 2 1 . 0  
2 0.760 53, 900 69, 600 ~- 19" 5 .. - - 
A-2 
determination of the critical  crack  length  (2cc),  as  the  crack  length  immediately  prior 
to   f racture  on the film record. (It should be noted that 2cc is different  from  2c,  and 
2c2  crack  length  designations  in  the  report. ) 
The  preliminary  fracture  tests  were  conducted  at a loading  rate  that  produced  an 
init ial   elastic  strain  rate of 0.005 in.  /in.  /min.  Constant  load  rate  was  used to prevent 
drop-off in load when pop-in occurred. The compliance gage output was the X-axis in- 
put to an X-Y recorder, with the Y axis recording the load level. Thus, the record of 
each  tes t   consis ts  of a load-COD plot, a movie of the crack  growth,  and  the  fracture 
surface.  
There  are  various  ways to present and review the data. In this Appendix several 
of these  methods  are  presented  as  described below: 
(1) Gross fracture stress, Sg, computed from the maximum test 
load, Pmax, and the gross area of the specimen, A = BW 
(B = thickness, W = width). g 
( 2 )  Net fr .acture stress,  Sn, computed from the maximum test  
load, Pmax, and the net area of the specimen  based on the 
original crack length, 2c0. 
(3) The stress intensity factor, Kappco, based upon the gross 
f rac ture  s t ress ,  Sg, the original crack length, 2co, and a 
width correct ion  factor( l )  
(4) The stress intensity factor Kc based upon the gross fracture 
s t r e s s ,  S the critical crack length, 2Cc and a width 
correction  factor g' 
(5)  The net fracture stress, Sn, computed from the maximum 
' test load, PmaX, and the net area of the specimen based on 
the critical  crack  length Zc,. 
The  above  techniques  provide a variety of analytical  perspectives to evaluate  the 
thickness effect.and to examine various parametric influences on the data. 
Table A-2 contains a summary of the resul ts  of a l l  of the fracture  tests  as  well  as 
the summary of computations described in Items ( l ) ,  ( Z ) ,  and (3) above  for  gross  fracture 
s t ress ,  ne t  f rac ture  s t ress  and  the s t ress- intensi ty  factor ,  Kapp,,, respectively. The 
results  l isted in Table A-2 are plotted in Figures A-1, A-2,  and A-3 a s   g ros s   s t r e s s  
versus thickness,  net  stress versus thickness,  and stress intensity versus thickness,  
respectively. The open circles on these figures represent the results with buckling 
guides, while the solid circles represent the results without buckling guides. 
TABLE A-2. FRACTURE TEST RESULTS 
Crack  Length,  Gross Net 
in. Fracture   Fracture   Stress   Inten i ty  
Thickness, Width, Gross  A ea,  InitialC itical  S ress, Stre s,  Factor, k s i G  
Specimen in. in. sq.  in. 2CO  2CC .Sg, ksi  Sn, ksi  KaPP,, 
2 
3 G  
4 
38 
39 G 
40 G 
34 
35  G(b) 
36 G(b)  
37 G 
31 
32 G 
33 G 
P 
-r 
1 G  
5 G  
30 G 
26 G 
27 G 
28 
20 G 
21 G 
22 
23 G 
24 G 
25 
17 G 
18 G 
19 
15 
0.020 
0.0195 
0 .  0195 
0.032 
0.033 
0.032 
0.041 
0.041 
0.041 
0.041 
0.05 1 
0.053 
0.05 1 
0.065 
0.065 
0.066 
0. 125 
0. 123 
0 .  125 
0. 187 
0. 187 
0.  187 
0.260 
0.261 
0.260 
0.310 
0.312 
0.309 
0.380 
8.010 
8.050 
8.010 
8.000 
8.000 
8.010 
8.010 
8.000 
8.000 
8.000 
8.010 
8.010 
8.000 I 
8.005 
8.010 
8.000 
8.010 
8.020 
8. 010 
8.005 
8.005 
8.002 
8.006 
8.003 
8.003 
8.003 
8.007 
8.005 
7.810 
0 .  1602 
0. 157 
0.  1561 
0.256 
0.264 
0.2563 
0.3284 
0.328 
0.328 
0.328 
0.4085 
0.4245 
0.4080 
0.520 
0.5207 
0.528 
1.001 
0.9864 
1.001 
1.496 
1.480 
1.496 
2.081 
2.088 
2.080 
2.481 
2.498 
2.479 
2.967 
2.70 
2.62 
2. 6c, 
2 .57 
2.50 
2.52 
2.54 
2.49 
2.53 
2.52 
2. 52 
2.50 
2.60 
2 .55  
2. 67 
2.55 
2.60 
2.57 
2.58 
2. 63 
2. 63 
2.64 
2.  67 
2.65 
2.594 
2.672 
2. 610 
2.810 
2.70 
4.65 
4.56 
4.40 
4.30 
4. 63 
4. 50 
4.65 
4.60 
4.40 
4.53 
4. 60 
3.24 
3.25 
3.60 
4.80 
3. 70 
4.90 
3. 15 
2.90 
2.90 
3. 64 
3 .  60 
3.50 
3.  15 
2.  82 
3.35 
3.35 
29.960 
33.100 
26.500 
28.320 
34.091 
33.359 
29.689 
30.259 
29.344 
32.012 
30.477 
3 1.802 
32.414 
33.650 
33.100 
33.428 
33.766 
34. 570 
33.067 
32.286 
32.230 
32.560 
32.388 
30.555 
32.260 
30.935 
32.120 
30.900 
31.344 
45.200 
49.200 
37.900 
41.715 
49.587 
48.662 
43.468 
43.935 
42.91 1 
46.729 
44.464 
46.233 
48.021 
49.350 
51.400 
49.068 
50.000 
50.872 
48.784 
48. 107 
48.381 
48. 602 
48.600 
45.702 
47.700 
46.430 
47.600 
47.548 
47.913 
67. 115 
69.750 
57.500 
60.739 
7 1.754 
70.72 1 
63.237 
63.543 
62.356 
67.865 
64.61 1 
67.  102 
70.04 
67.980 
73.000 
71.369 
72.935 
73.979 
71.755 
70.300 
70.261 
70.980 
71.254 
67.800 
69.500 
69.450 
69.600 
70.100 
69.520 
TABLE  A-2.  (Continued) 
Crack  Length, Gross Net 
in.  Fracture  Fracture  Stress  I ten ity 
Thickness, Width, Gross  Area,  Initial  Cr tical Stress,  Stress,  Factor, k s i . 6 .  
Specimen  in.  in. sq. in. 2CO 2% Sg, ks i  Sn, ks i  KaPPco 
16 
6 G  
7 G  
8 
12 
13 
14 
9 
10 
11 
-~ ~ 
0.376 
0.504 
0.506 
0.503 
0.626 
0.629 
0.629 
0.760 
0.760 
0.760 
7.800 
8.00 1 
8.007 
8.001 
8.005 
8.003 
8.003 
8.000 
7.980 
8.006 
2.932 
4.032 
4.05 1 
4.024 
5.011 
5. 033 
5.033 
6.080 
6.064 
6.084 
2.82 3.36 
2.55 3.10 
2. 66 3.35 
2. 67 3.10 
2.656 2.70 
2.560 3.20 
2.68 3.10 
2.67 3.20 
2.57 3.00 
2.78 2.80 
31.036 
31.498 
3 1. 103 
31.262 
31. 131 
31.393 
3 1.393 
29.934 
30.672 
30.900 
48.61 1 
46.232 
46.580 
46.922 
46.595 
46. 158 
47.206 
44.927 
45.244 
47.343 
70.762 
67.248 
68.271 
68.770 
68. 177 
67.181 
69.055 
65.846 
65.900 
69.834 
~~ 
(a)   The  le t ter  G after  the  specimen  number  indicates  buckling  guides  were  used. 
(b) Data may  be questionable. Specimen buckled slightly before fracture. 
In Figures  A-1  and  A-2  the  data  from  specimens  with  buckling  guides  suggest  that 
gross  and  net  section  stress  (based  on the  original  crack  length)  increases  slightly as 
specimen  thickness  increases  to a maximum value  a t  a thickness of about  1/8  inch,  and 
gradually decreases over the remaining thickness range (up to 3/4 inch). The data also 
suggest  that  for  thicknesses  greater  than  about  3/16  inch,  there  is no difference. in   re-  
sults if  guide plates are used or not.  Finally,  the two figures clearly show that for 
thicknesses less than  3/16  inch,  the  lack of guide  plates  results  in a lowering of the 
strength of the panels.  Figure A-3, concerned with stress intensity factor as a function 
of thickness, shows essentially the same features. However it is interesting that the 
spread  between  the  maximum  value  at  about B = 118  inch  and  the  value a t  B = 3/4  inch 
is a s   sma l l  as it is .  Since the K values appear to be decreasing at  a thickness of 
0 .75 inch, it is probable that the minimum K value has not been achieved. It is of 
interest  to note in all three  figures  that  the  basic  data  illustrate  little  scatter. 
Other  tormulations  that  have  been  used to evaluate  fracture  data  employ  the  criti- 
cal   crack  length  at   failure  and the maximum load. Items 4 and 5 described previously 
involve either the ne t  sec t ion  s t ress  or  a stress intensity,  K c .  Table A-3 and 
Figure  A-4  contain a summary of the  pertinent  information. 
The various formulations illustrated show for 2024-T3 sheet and plate (T351) that 
there  is  some  evidence of a slight thickness effect in thicknesses up to about 114 inch. 
The magnitude of this effect varies with the measure. As a mat te r  of fact, a greater  
effect than was observed was expected, as pointed out previously. However, all of the 
failures  for  this  width  specimen  and  crack  aspect  ratio  were  at  net  section  yield  stress 
or  greater,   which would be expected to minimize this effect. 
The nature of the fracture  surfaces  also  showed  real   differences  as  thickness  in- 
creased.  With the exception of the 518-inch and 314-inch gages, all fracture surfaces 
showed flat, transition and full or nearly full slant fractures to some degree. Three 
approximate  groupings  can  be  identified  within  which  the  details  vary  somewhat  from 
specimen  to  specimen  and  thickness  to  thickness: 
(1)  From 0.020 to 0. 125-inch thickness: Flat fracture adjacent 
to s ta r te r -c rack  tip, changing to t ransi t ion fracture  a t  least  
1 /8  inch  from  the  crack  tips  and  becoming  full  slant  fracture 
518  inch  from  crack  tips. 
( 2 )  F r o m  0 .  188 to 0 .  500-inch thickness: Flat fracture to about 
518 inch, transition fracture to about 2-118 inches, full slant 
from  2-118  inches to specimen  edge. 
( 3 )   F r o m  0 .  625 to 0.  750-inch thickness: Flat fracture to almost 
1-518 inches, slightly transitional beyond 1-5/8 inches 
(about 20 percent  slant  fracture).  
The f i r s t  grouping (0.020 to 0.125)  corresponds  approximately to the  region of the 
stress- or K-thickness graphs where the s t r e s s   o r  K value is increasing. The next two 
groupings ( > O .  125) correspond to the region of the  graphs  where  s t ress   or  K values  de- 
c r ease .  A s  such, there is an implied correlation between fracture appearance and 
strength. 
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Specimen  Thickness,  inch 
FIGURE A-1. MAXIMUM GROSS STRESS VERSUS SPECIMEN THICKNESS FOR BARE 2024-T3 PFECRACKED 
T O  APPROXIMATELY 2.60 INCHES 
Specimen Thickness, inch 
FIGURE A-2. MAXIMUM NET STRESS VERSUS SPECIMEN THICKNESS FOR BARE 2024-T3 PRECFUCKED 
T O  APPROXIMATELY 2.6 INCHES  (W/3) 
Specimen  Thickness,  inch 
FIGURE A-3. STRESS-INTENSITY FACTOR VERSUS THICKNESS FOR BARE 2024-T3 PRECRACKED 
T O  APPROXIMATELY 2.6 INCHES (W/3) 
Thickness, Inch 
FIGURE A-4. STRESS-INTENSITY FACTOR BASED ON  CWTICAL CRACK LENGTH VERSUS 
THICKNESS FOR BARE 2024-T3 
A-a 
TABLE A-3. NET FRACTURE STRESS AND STRESS INTENSITY 
BASED UPON CRITICAL CRACK LENGTH 
3 G(a) 
4 
38 
39 G 
40 G 
34 
35 G 
36  G 
3 1  
32 G 
33 G 
1 G  
5 G  
30 G 
26 G 
27 G 
28 
20 G 
21 G 
22 
23' G 
24  G 
25 
17 G 
18 G 
19 
15 
16 
6 G  
7 G  
8 
12 
13 
14 
9 
10 
11 
4.65 
4.56 
4.60 
4.40 
4.30 
4.63 
4.50 
4.65 
4.40 
4.53 
4.60 
3.24 
3.25 
3.60 
4.80 
3. 70 
4. 90 
3. 15 
2.90 
2.90 
3.64 
3.60 
3.50 
3. 15 
2.82 
3.35 
3.35 
3.36 
3.10 
3.35 
3.10 
2.70 
3.20 
3.10 
3.20 
3.00 
-2.80 
78.43 1 
59.453 
66.636 
78.125 
72.030 
70.346 
69.164 
70.488 
67.626 
73.210 
76.269 
56.506 
55.753 
60.778 
84.226 
64.170 
85.134 
53.200 
49.969 
51.043 
59.383 
55.517 
57.311 
51.017 
49.620 
53.254 
54.874 
54.511 
51.417 
53.471 
51.030 
46.975 
52.299 
51.232 
49.890 
49.144 
47.516 
103.486 
89.632 
96.760 
111.221 
104.886 
102.073 
101.015 
101.431 
99.369 
106.831 
110.748 
84.63 1 
83.422 
91.160 
120.842 
96.3  18 
12 1.225 
79.557 
74.945 
75.717 
89.096 
83.320 
86.029 
76.228 
73.293 
84.026 
81.338 
80.754 
76.734 
84.573 
76.159 
69.016 
78.250 
76.474 
74.618 
73.055 
70.  172 
( a )   The   l e t t e r  G after  the  specimen  number  indicates  buckling  guides  were  used. 
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APPENDIX B 
FRACTURE-TOUGHNESS  INDICES 
Individual  values of fracture-toughness  which  have  been  used  in  this  report 
are  tabulated  in  Tables B.-1 through B-3.  These  include  both  stress-intensity  factors 
(SIF) and crack-sensitivity values. The values are identified by thickness, specimen 
number,  and  panel  width. 
TABLE B-1. FRACTURE-TOUGHNESS INDICES FOR 0.050-INCH-THICK 
2024-T3  ALUMINUM  ALLOY 
Specimen 
~~ 
5  Percent   Secant  
Nominal Width, Offset SIF, Max.  Load SIF, Crack  Sensitivity, 
w, 
in. ksi-in. K3l 1/2 ksi-in. li2 
K1, 
99 8.0 42,7  74.9 0.643 
102 8.0 63.1  74.1 0.648' 
121  24.0 71.2  108.7 
122  24.0 " 113.6 
123 24.0 77 , l   111 .8  
124 24.0 43.1  98.2 
Average C, 0.646 
0.603 
0.556 
0.562 
0; 543 
Average C, 0.564 
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TABLE B -2. FRACTURE TOUGHNESS INDICES FOR 118-INCH THICK 
2024-T3 ALUMINUM ALLOY 
5 Percent  Secant 
Nominal Width, Offset SIF Max.  Load  SIF.  Crack  Sensitivitv. 
w, 
Specimen  in. K?J 112 K1, ksi-in.  ksi-in. 'I2 
111 
112 
113 
114 
115 
116 
" 
36 .3  
26. 1 
37.8 
31.8 
35.6 
54.7  0.781 
44.1  1.013 
54.0  0.758 
54.9  1.379 
55.4  0.652 
97 
103 
104 
105 
106 
125 
126 
127 
128 
129 
130 
24 
24 
24 
24 
24 
24 
46.3 
20.8 
45.2 
51.4 
" 
44.3 
44.3 
48.4 
48.5 
" 
" 
81.4 
57.8 
56.0 
73.4 
72.5 
114.5 
101.5 
101.0 
121.6 
90.  1 
97.9 
Average C, 0.917 
0.505 
0.681 
0.681 
0.61  1 
0 .  629 
Average Cm 0.621 
0.568 
0.450 
0.467 
0.520 
0.887 
0. 648 
Average Cm 0.590 
TABLE B-3. FRACTURE-TOUGHNESS INDICES FOR 112-INCH-THICK 
2024-T3 ALUMINUM ALLOY  PLATE 
5 Percent  Secant 
Nominal Width Offset  SIF  Max.  Load  SIF, Crack  Sensitivity, 
w, 
K3' 112 K1, C Specimen  in.  ksi-in. ksi-in. lI2 in. 3'12 
98  8 
107  8 
108  8 
13 1  24 
132 24 
133  24 
134 24 
46.3  72.1 
50.4  68.5 
47.2 67.3 
62.2  111.1 
66.9  108.5 
-- 103.9 
50.1  95.8 
0.705 
0.742 
0.732 
Average Cm 0.726 
0.616 
0.584 
0.673 
0.521 
Average Cm 0.599 
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APPENDIX C 
PHOTOELASTIC EVALUATION O F  PLASTIC ZONES 
In order  to  determine  the  size  and  shape of the  plastic  zones in representative 
specimens, it was  decided  to  use a photoelastic coating bonded to the specimens by an 
adhesive. This appendix provides some discussion of the theoretical basis for the 
plastic-zone  determinations,  details of techniques, and the results of a l imited  series 
of  tes ts .  
Theoretical  Basis  for  Photoelastic  Measurements 
To apply a theoretical  criterion  for  yield,  such  as  the  Tresca  (or  maximum  shear 
s t r e s s )   o r  the  von  Mises  (or  distortion  energy)  criteria, one must   measure  a l l   three 
components of principal strain (€1, € 2 ,  € 3 ) .  Here €1  and € 2  a r e  the in-plane components 
and the third principal strain, €3 ,  represents the thickness change. An essential prob- 
lem  a r i ses  in  application of the  photoelastic  technique  since  only  the  principal  strain 
difference, €1 - € 2 ,  is  measured.  Only an approximate indication of yield can be ob- 
tained, and the accuracy of the method was therefore evaluated. 
Dixon"' states that the material inside the photoelastic fringe 
€1  - € 2  = - ( 1  t v )  Y 
E 
is plastic according to the Tresca criterion, where Y is the material yield strength, E is 
Young's modulus, and v is Poisson's ratio. However, material outside the fringe may or 
may not be plastic.  On the other hand, thickness change measurements indicate yield of 
material inside the contour 
2u2 € 3  = - 
1 - u '  
and material   outside  may  or  may not be plastic. 
Figure  C-1  is  based on calculations of the types of strain  fields  associated  with 
crack tips and shows the merits of the two methods. The plots are based on data from 
the  finite  element  calculations  with  the  "true"  plastic  zone  as  determined by the von 
Mises yield criterion of the computer program. Distributions of the strain difference 
and thickness  changes  were  calculated  and  these  gave  rise  to  the two dashed-line zone 
shapes. The strain-difference zone is in quite good agreement with the "true" calculated 
zone. The slight discrepancy is believed due primarily to the inherent difference be- 
tween the Tresca  and von Mises yield criteria. The zone indicated by thickness change 
is  considerably  smaller  than  the  "true"  zone,  and  only  in a very  small   region on the 
crack  plane  does  it  give a larger  zone  than  that  given by the  strain-difference  technique. 
Dixon, J. R .  , and Strannigan, J .  S .  , "Effect of Plastic Deformation on the Strain Distribution Around Cracks in Sheet Materials", 
J .  Mech. Eng. S c i . ,  2. pp 132-136  (1964). 
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It is concluded that the  strain-difference  fringes as measured by a photoelastic- 
coating  technique  can  give a reliable measure of the  plastic  zone at the  end of a crack, 
and  the  contour 
€1 - €2 = - ( 1  t v) ) Y 
E 
can be used  to  define  the  boundary  between  the  elastic  and  plastic  regions. 
Widthl8.0 inches 
Crack lenqth = 2.67 inches 
Yield strenqth: 52,150 psi 
Net stress: 52,500 psi .- 
Y 
0 /- 
Zone  indicated by strain 
differerne (Photabstic) mcthod 
Distance from Centerline of Specimen,  inch 
FIGURE C-1. COMPARISON O F  COMPUTED PLASTIC ZONE WITH 
CORRESPONDING ZONES MEASURABLE BY STRAIN- 
DIFFERENCE AND THICKNESS-CHANGE METHODS 
Photoelastic  Tests  and  Results 
In the  photoelastic  surface-coating  technique, a layer of suitably  birefringent  ma- 
terial  is  cemented to the surface of the specimen. On loading the specimen, surface 
strains produced in the specimen are reproduced through the birefringent layer. Polar- 
ized  light  passed  through  the  layer is reflected  from  the  specimen  surface  and  back 
through the layer to produce a visual fringe pattern. The pattern then can be analyzed 
in  the normal  photoelastic  manner. 
c -2 
I: 
This procedure was essentially followed for Specimens 97, 98, 99, and 126. A 
birefringent  coating, 20 mils  thick,  having a strain  sensitivity of 3790 microinches  per 
inch  per  fringe  was  cemented  to  each  specimen  with  an  epoxy  adhesive. An adhesive 
line of 6 to 8 mils  was  used. 
The coating was selected for a number of reasons. Mainly, it has the highest 
sensitivity, K = 0. 15, of any commercial  photoelastic  plastic  coupled  with a relatively 
high maximum elongation of 10 percent. Thus, the coating is quite suited to determi- 
nation of post-yield strains. The adhesive was selected for its properties of combined. 
high strength and  modulus  characteristics  with  high  elongation  which  makes  it  suitable 
for post-yield investigations. The thickness of the coating was selected to give approx- 
imately two fringe  orders  at  yield. 
In the  coating  technique,  the  strain  difference  in  the  plane of the  object  studied  is 
related  to  the  photoelastic  and  other  properties of this  coating  and  light by the  equation 
€1  - €2  = N X/2tk = Nf; f = XI2tk , 
whe re  
€1 - € 2  = principal strain difference, microinches/inch 
N = fringe  order 
t = coating thickness, inch 
X = wavelength of light  extinguished,  microinches  (22. 7 microinches) 
K = photoelastic sensitivity, per fringe 
f = coating sensitivity, microinches per inch per fringe 
From  this  equation,  it  is  possible to determine the thickness of material   required to pro-  
duce a given fringe order at a given strain difference. It was calculated from the von 
Mises  yield  criteria  that  the  material in question would  yield  at a minimum  strain dif-  
ference of approximately 6550 microinches. Entering this value for the strain difference 
in the above equation along with K = 0.  15 and N = 2, it  was  determined  that a thickness of 
0.023 inch was required. Commercially available thicknesses are 0.010, 0.020, 0 .040,  
0.080, and 0 .  120; thus, a sheet with a thickness o f t  = 0.020 inch was selected having a 
sensitivity of f = 3790 microinches  per  inch  per  fringe. 
The coating covered approximately a square  area,  spaced  equally  above  and  below 
the  crack  and  probable  crack  path  on  one-half of one side of the  specimen,  Over  this 
coating  was  placed a combined  polarizing  and  quarter-wave  sheet  producing,  in  essence, 
a circular  dark-field  polariscope.  Fringe  patterns  as a function of load (the load was 
applied  at a fixed  rate  as a function of time)  were  recorded by means of a 16-mm  movie 
camera from load initiation to specimen fracture. Timing pips on the film edge were 
used  for  load  reference.  Various  frames  from  each  film  then  were  enlarged by a micro-  
film reader  and the fringe patterns were traced. In general, the frames selected con- 
sisted of those  at  designated  pip  points,  usually  one  pip  before  estimated  initiation of 
slow  crack  growth,  at  slow  growth,  and two or  three  frames  after  init iation of slow 
growth. The final frame selected was always one of the last two frames before complete 
f racture  of the  specimen. 
Table  C-1  contains  some of the details concerning the specimen  sizes  and  loads 
at  which  each  fringe-strain  pattern  was  traced.  Figures  C-2  through  C-5  show  the 
tracings of the  integral   fr inge  patterns  from the indicated frames for each test speci- 
men. These strain fields accurately represent the planar strain fields that a re   p resent  
in the  specimens  during  testing. 
TABLE C-1. SPECIMEN DETAILS AND STRESS PATTERN LOADS 
Specimen  Aspect  Figure 
No.  Thickness Width Ratio  Pip No.  Load No. 
97 0. 125 8 .  0 0 . 3  7 
9 
10 
Failed 
8* 
98 
99 
126 
0 .  500  
0.051 
0.  123 
8. 0 0. 3 
8. 0 0 . 3  
5 
6* 
9 
10 
Failed 
5 
6* 
7 
8 
9 
Failed 
24. 0 0.  1 18:: 
21 
23 
24 
25  Failed 
23,300 
26,200 
29,400 
34,300 
52,000 
66,000 
113, 700 
122,  500 
6,400 
7,950 
9,050 
10,500 
12,  790 
94,500 
11 1, 850 
123,000 
132, 000 
'33,000 
101,000 
12, 100 
129,000 
C-   l a  
b 
C 
d 
e 
C -2a 
b 
C 
d 
e 
C -3a 
b 
C 
d 
e 
f 
C -4a 
b 
C 
d 
e 
'Estimated init iation of slow crack  growth. 
c -4 
23,300 
I 
a. 23.300 Pounds 
< 
. . - .___ 
c. 29.400 Pounds 
\ t-7-i 
e. 34.300 Pounds 
26,200 
" 
b. 26 ,200  Pounds 
FRINGE ORDER i 1 - e ~  in./in. 
I 0.00379 
2"" 0.00750 
3 - - _" - - - 0.01 137 
4 . . . . . . . . . . . . . . . . . . . . . 0.01516 
FIGURE C-2. FRINGE  PATTERNS FORSPECIMEirl97 
c-5 
l"-- 52 000 
Pg Fatigue crack 
I l I" 
a. 52,000 Pounds 
101,000 
c. 101,000 Pounds 
b. 66,000 Pounds 
d .  113,700 Pounds 
FRINGE ORDER € l - E 2 J n . / i n .  
I 0.00379 
2 ----- 0.00758 
3 0.01 I37 
FIGURE C-3. FRINGE PATTERNS FOR SPECIMEN 98 
C -6 
' r  I 
a. 6,400 Pounds 
FRINGE ORDER 
I 
2 _"" 
4 
3 
5 
rl-ez,in./in. 
I .  0.00378 
2.0.0075 0 
3.0.0 I I37 
4.0.015 I6 
5.0.0 1893 
I 
I" 
C. 9,050 Pounds 
1.100 
F.74 
e. 12.100 Pounds 
950 
b. I, 950 Pounds 
1,500 
7 
\ ' I" ' 
d. 10,500 Pounds 
f. 12. '790 Pounds 
FIGURE C -4. FRINGE PATTERNS FOR SPECIMEN 99 
a. 9 4 . 5 0 0  Pounds 
l129.000 
b. 111.850 Pounds 
FRINGE ORDER 
I “” 
2 - - - - - - - - - 
3 , .. . . . . . . . . . . . . . - .. . -. . . . 
4 - . -. - . - 
el - t zp  , in. /in. 
2 . 0 . 0 0 7 5 8  
I .  0.00379 
3.0.0 I I 3 7  
4.0.0 15 16 
c. 123; 000 Pounds 
12,000 
” .. 
/ 
/ 
/ 
\ 
\ 
\ I”l 
e .  132.000 Pounds d .   129 ,000  Pounds 
FIGURE C-5 .  FRINGE PATTERNS FOR SPECIMEN 126 
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